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Fibrous ion-exchangers exhibit a high efficiency in the process of sorption 
from gaseous and liquid media [1-5] and hence they have drawn attention of 
researchers, particularly environmentalists. Their main advantage is that they 
can be produced in various forms, such as staples, cloth, and non-woven 
materials, opening up many possibilities for new technological processes. 
Recently, some efforts have been made in our laboratories to synthesize new 
hybrid types of fibrous ion-exchange materials, i.e. obtained by the combination 
of organic polymeric species and inorganic ionogenic groups, and to make them 
of a greater use for selective removal of ionic impurities at high temperatures 
and under strong radiations. 
The thesis entitled "Synthesis, characterization and applications of some 
acrylonitrile and styrene based fibrous ion exchange materials" comprises of five 
chapters. 
Chapter-1 is 'Introduction', which gives a detailed account of the 
historical background of the fibrous ion-exchange technology and its recent 
advances followed by a comprehensive list of references. Basic principles of 
ion-exchange and its applications reported in the literature so far have also been 
discussed. 
Chapter-2 entitled as 'Synthesis, characterization and analytical 
applications of acrylonitrile based cerium (IV) and thorium (IV) phosphates as 
fibrous ion-exchangers' summarizes the synthesis and ion-exchanga bahaviour 
of these materials. 
Chapter-3 entitled as 'Synthesis, characterization and analytical 
applications of styrene based cerium (IV) and thorium (IV) phosphates as fibrous 
ion-exchangers' summarizes the synthesis and ion-exchange behaviour of these 
materials. 
Acrylonitrile based cerium (IV) phosphate (ANCeP) was prepared 
by adding dropwise a liter of a 0.05M solution containing 49.98 mmoles of 
Ce(S04)2.4H20 to a mixture of 1 liter 6M H3PO4 and 1 liter of alcoholic 
solution of acrylonitrile containing its 7.6 to 1518.0 mmoles. Stirring was 
done during mixing, using a magnetic stirrer at a temperature of 70±5'C. 
The resulting slurry was stirred for 4h at this temperature, filtered, and 
washed free of sulphate ions with demineralized water (pH~4). Finally, 
the slurry was dried at room temperature, resulting into a sheet, crushed 
into small pieces and converted into H*-form by treating with 1M HNO3 for 
24h with occasional shaking, and intermittently replacing the supernatant 
liquid with fresh acid. The material thus obtained was then washed with 
demineralized water to remove the excess acid before drying finally at 
45°C, and sieved to obtain particles of 50-70 mesh size. Table 1 
summarizes the synthesis of various samples of the material. The sample 
ANCeP-4 shows a maximum ion-exchange capacity (2.86 meq / dryg) for 
Na* ions. 
Styrene based cerium (IV) phosphate (StCeP) was synthesized by 
the method as described for ANCeP, by taking styrene In place of 
acrylonitrile. The amount of styrene was varied from 8.69 to 868.94 
mmoles. Table 2 gives the synthesis of various samples of the material. 
The sample StCeP-4 shows a maximum ion-exchange capacity (3.45 meq/ 
dryg) for Na* ions. 
Acrylonitrile based thorium (IV) phosphate (ANThP) was prepared 
by adding dropwise a liter of a 0.1M solution containing 100 mmoles of 
Th(N03)4.5H20 to a mixture of 1 liter 2M H3PO4 and l l i ter of alcoholic 
solution of acrylonitrile containing its 7.6 to 1518.0 mmoles. Stirring was 
done during mixing, using a magnetic stirrer at a temperature of SOtS'C. 
The resulting slurry was stirred for 5h at this temperature, filtered and 
washed with demineralized water (pH ~ 4). On drying at 15-20X it 
resulted into a sheet, which was crushed into small pieces and converted 
into H* - form by treating with 1M HNO3 for 24h with occasional shaking, 
and intermittently replacing the supernatant liquid with fresh acid. The 
material thus obtained was then washed with demineralized water to 
remove the excess acid before drying finally at 45°C and sieved to obtain 
particles of 50-70 mesh size. Table 3 gives the synthesis of various 
samples of the material. The sample ANThP-4 shows a maximum ion-
exchange capacity (3.90 meq/dry g) for Na* ions. 
The styrene based thorium (IV) phosphate (StThP) was synthesized 
by the method as described for ANThP, by taking styrene in place of 
acrylonitrile. The amount of styrene was varied from 8.69 to 868.94 
mmoles. Table 4 summarizes the synthesis of various samples of the 
material. The sample StThP-5 shows a maximum ion-exchange capacity 
(4.52 meq/dry g) for Na* ions. 
After synthesizing the materials, they were tested for their chemical 
stability by keeping them in various solvents for 24h each at room 
temperature with intermittent shaking. The supernatant liquid was 
analysed for cerium & phosphate and thorium & phosphate contents. The 
results summarized in Tables 5 and 6 indicate that the materials are 
highly stable chemically. They can withstand the effect of acids and 
bases to a great extent. 
Thermal stability is also an important aspect for an ion exchanger 
as it gives the information regarding its use at elevated temperature. For 
this, one gram portions of the material were kept at various temperatures 
in a muffle furnace and their ion-exchange capacity was determined after cooling 
them to the room temperature. The results shown in Tables 7 and 8 indicate that 
StCeP & StThP are thermally more stable than the other to prepared in these 
studies i.e. ANCeP and ANThP. 
The material possesses a promising mechanical strength, which may be 
due to the presence of organic polymeric species. Their sheet structure show that 
StThP is mechanically more stable than the other three prepared in these studies 
i.e. ANCeP, ANThP and StCeP. 
The materials were then characterized by certain ion-exchange methods 
such as elution and concentration curves, pH-titration and distribution studies 
for metal ions. Some instrumental methods of analysis were also utilized for 
their characterization like IR, TGA/DTG, SEM and XRD studies. The XRD 
studies indicate that only StThP has a crystalline behaviour. 
The distribution studies point out that the ANCeP and ANThP are highly 
selective for Hg(ll) and Ph(ll) respectively while StCeP and StThP are selective 
for Fe(lll) & Hg(ll) and Cd(ll) respectively. Hence, the utility of these materials 
was demonstrated by achieving separations of great analytical significance. 
Some binary separations were achieved on the columns of these materials. The 
results are summarized in Tables 9 and 10. 
Chapter-4 entitled 'Ion exchange kinetics of alkaline earth and transition 
metal ions on acrylonitrile based cerium (IV) phosphate' summarizes the results 
of the kinetic study on acrylonitrile based cerium (IV) phosphate. Various useful 
kinetic parameters such as self-diffusion coefficient, energy and entropy of 
activation have been evaluated and a correlation has been made of these 
parameters with the ion-exchange characteristics of the material. Table 11 
summarizes the values of self diffusion coefficient, energy and entropy of 
activation for the various l\^(ll)-H(l) exchanges. 
The study indicates that the ion-exchange process taking place on the 
surface of the material is a particle diffusion controlled phenomenon. It also 
reveals that equilibrium is attained faster at a higher temperature, probably 
because of a higher diffusion rate of ions through the thermally enlarged 
interstitial position of ion-exchange matrix. The higher negative values of the 
entropy of activation indicates the presence of more active sites in its structure 
which probably accounts for a higher efficiency of its column. 
Chapter-5 entitled 'Ion-exchange thermodynamics of alkaline earth metal 
ions on acrylonitrile based cerium (IV) phosphate' summarizes the results of a 
systematic thermodynamic study for the exchanges Mg(ll)-H(!),Ca(ll)-H(l),Sr(ll)-
H(l) and Ba(ll)-H(i) at 30° and 50°C on this material. Various thermodynamic 
parameters such as the free energy, entropy and enthalpy changes during the 
adsorption on an ion exchanger have been evaluated. The results have been 
summarized in Table 12. 
Table 1 Synthesis of various samples of acrylonitrile based cerium(IV) phosphate. 
Sample 
No. 
ANCeP-1 
ANCeP-2 
ANCeP-3 
ANCeP-4 
ANCeP-5 
ANCeP-6 
ANCeP-7 
ANCeP-8 
ANCeP-9 
ANCeP-10 
ANCeP-11 
ANCeP-12 
ANCeP-13 
ANCeP-14 
mmoles of 
a c r y l o n i t r i l e 
/1000ml 
7.6 
15.0 
30.0 
76.0 
152.0 
304.0 
455.0 
607.0 
759.0 
911.0 
1060.0 
1214.0 
1366.0 
1518.0 
Na*-ion exchange 
capacity (meq/dryg) 
2.00 
2.05 
2.08 
2.86 
1.98 
1.90 
1.80 
1.75 
1.60 
1.55 
1.49 
1.20 
1.00 
0.80 
Table 2 Synthesis of various samples of styrene based cerium(l\/) phosphate. 
Sample No. 
StCeP-1 
StCeP-2 
StCeP-3 
StCeP-4 
StCeP-5 
StCeP-6 
StCeP-7 
StCeP-8 
StCeP-9 
StCeP-10 
StCeP-11 
StCeP-12 
StCeP-13 
mmoles of 
styrene/IOOOmI 
8.69 
17.38 
43.45 
86.89 
173.79 
260.68 
347.57 
434.47 
521.36 
608.26 
695.15 
782.04 
868.94 
Na*-ion exchange 
capacity (mcq/dryg) 
2.85 
2.88 
3.12 
3.45 
3.05 
2.95 
2.90 
2.40 
2.22 
1.95 
1.65 
1.45 
1.05 
Table 3 Synthesis of various samples of acrylonitrile based thorium(IV) phosphate. 
Sample 
No. 
ANThP-1 
ANThP-2 
ANThP-3 
ANThP-4 
ANThP-5 
ANThP-6 
ANThP-7 
ANThP-8 
ANThP-9 
ANThP-10 
ANThP-11 
ANThP-12 
ANThP-13 
ANThP-14 
mmoles of 
ac r y l on i t r i l e /1000ml 
7.6 
15.0 
30.0 
76.0 
152.0 
304.0 
455.0 
607.0 
759.0 
911.0 
1060.0 
1214.0 
1366.0 
1518.0 
Na^-ion exchange 
capacity (meq/dryg) 
2.95 
3.08 
3.16 
3.90 
2.85 
2.60 
2.39 
2.00 
1.86 
1.72 
1.55 
1.20 
1.02 
0.75 
Table 4 Synthesis of various samples of styrene based thorium(IV) phosphate. 
Sample 
No. 
StThP-1 
StThP-2 
StThP-3 
StThP-4 
StThP-5 
StThP-6 
StThP-7 
StThP-8 
StThP-9 
StThP-10 
StThP-11 
StThP-12 
StThP-13 
mmoles of 
styrene /1000ml 
8.69 
17.38 
43.45 
86.89 
173.79 
260.68 
347.57 
434.47 
521.36 
608.26 
695.15 
782.04 
868.94 
Na*-ion exchange 
capacity (meq/dryg) 
3.00 
3.78 
3.90 
4.05 
4.52 
4.20 
4.05 
3.82 
3.55 
2.40 
1.96 
1.65 
1.28 
Table 5 Chemical stability of acrylonitrile based cerium(IV) and 
thorium(IV) phosphates in various acid, alkali and salt 
solutions 
Solvent 
(25ml) 
1M HCI 
2M HCI 
4M HCI 
1M HNO3 
2M HNO3 
4M HNO3 
1M H2SO4 
2M H2SO4 
4M H:S04 
2M NaNOa 
2M KNO3 
0.1M NaOH 
0.05M NaOH 
0.1M KOH 
0.1M NH4OH 
0.5M NH4OH 
Amount dissolved (mg) 
(ANCeP) 
Cerium 
0.287 
0.300 
0.325 
0.180 
0.265 
0.550 
0.600 
0.650 
Dissolved 
0.033 
0.350 
0.135 
0.157 
0.103 
0.213 
0.113 
Phosphate 
0.275 
0.475 
0.625 
0.575 
0.675 
0.750 
0.800 
0.850 
Dissolved 
0.500 
0.575 
0.700 
0.675 
0.675 
0.700 
0.675 
Amount dissolved (mg) 
(ANThP) 
Thorium 
1.675 
2.350 
3.225 
2.975 
3.475 
3.850 
1.850 
Dissolved 
-
3.775 
2.475 
4.225 
3.775 
4.250 
2.350 
4.000 
Phosphate 
2.350 
3.525 
2.125 
1.875 
2.350 
3.125 
2.475 
Dissolved 
-
1.800 
1.350 
1.300 
3.850 
4.100 
3.500 
4.025 
Table 6 Chemical 
thorium(IV) 
solutions 
stability of styrene based cerium(IV) and 
phosphates in various acid, alkali and salt 
Solven t 
(25nil) 
1M HCI 
2M HCI 
4M HCI 
IMHNO3 
2M HNO3 
4M HNO3 
1M H2SO4 
2M H2SO4 
4M H2SO4 
2M NaNOa 
2M KNO3 
0.05M NaOH 
0.1M NaOH 
0.1MKOH 
0.1 M NH4OH 
0.5M NH4OH 
Amoun t d i s s o l v e d (mg) 
StCeP 
Cer ium 
0.475 
0.600 
0.650 
0.275 
0.400 
0.750 
0.250 
0.395 
dissolved 
0.150 
0.970 
0.625 
0.350 
0.200 
0.525 
0.425 
Phosphate 
0.350 
0.950 
1.350 
0.450 
0.800 
1.100 
1.475 
1.685 
dissolved 
0.950 
0.175 
0.400 
0.475 
0.500 
0.300 
0.375 
Amount dissolved (mg) 
StThP 
Thorium 
0.59 
0.76 
1.10 
0.85 
1.10 
1.56 
1.36 
dissolved 
-
0.06 
0.12 
1.12 
0.72 
1.40 
1.38 
1.42 
Phosphate 
0.04 
0.06 
0.07 
0.05 
0.10 
0.16 
0.14 
dissolved 
-
0.00 
0.06 
0.02 
0.05 
0.55 
0.16 
0.25 
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Table 7 Thermal stability of acrylonitrile based cerium(IV) and 
thorium(IV) phosphates after heating to various temperatures 
for 1h. 
Dry ing 
temperature ("C) 
A N C e P 
45 
100 
200 
400 
600 
A N T h P 
45 
100 
200 
400 
600 
Na* i on -exchange 
capacity (meq/dry g) 
2.86 
2.82 
0.40 
0.20 
0.10 
3.90 
3.80 
2.00 
0.95 
0.48 
Change in 
colour 
Very light yellow 
Very l ight yellow 
Brown 
Cream 
Cream 
White 
White 
Light grey 
Light grey 
Cream 
% Retention 
of i .e.c. 
100.00 
98.60 
13.98 
7.00 
3.50 
100.00 
97.44 
51.29 
24.36 
12.30 
Table 8 Thermal stability of styrene based cerium (IV) and thorium 
(IV) phosphates after heating to various temperatures for 1h. 
Drying 
temperature (°C) 
StCeP 
45 
100 
200 
400 
600 
800 
StThP 
45 
100 
200 
400 
600 
800 
Na^ ion-exchange 
capacity (meq/dry g) 
3.45 
3.20 
2.15 
1.76 
0.60 
0.10 
4.52 
4.46 
3.26 
2.58 
1.45 
0.18 
Change in 
colour 
Light yel low 
Cream 
Light brown 
Yellowish white 
Yel lowish white 
Light grey 
White 
White 
Dirty white 
Light grey 
Light grey 
Dark grey 
% Retention 
of i.e.c. 
100.00 
92.75 
62.32 
51.01 
17.39 
2.90 
100.00 
99.12 
72.45 
57.10 
32.10 
3.98 
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Table 9 Binary separations of metal ions achieved on acrylonitrile based 
cerium(IV) and thorium(IV) phosphates column. 
SI . 
No. 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
S e p a r a t i o n 
a c h i e v e d 
M l M j 
Mg( l l ) -Hg ( l l ) 
Pb( l l ) -Hg ( l l ) 
Zn { l l ) -Hg( l l ) 
Pb( l l ) -Cd( l l ) 
Zn ( l l ) -Cd{ l l ) 
Cd( l l ) -Hg( l l ) 
Cd ( l l ) -Pb ( l l ) 
Zn ( l l ) -Pb ( l l ) 
Cd ( l l ) -Zn ( l l ) 
Zn ( l i ) -Hg ( l l ) 
A m o u n t 
l oade 
Mi 
425.25 
3833.2 
817.12 
3833.2 
849.81 
1095.9 
1910.8 
1356.4 
1910.8 
1356.4 
d (»ig) 
M j 
3500.0 
3500.0 
3500.0 
1067.8 
1067.8 
3500.0 
3729.6 
3729.6 
1356.4 
3710.9 
A m o u n t 
f o u n d ( ^ g ) 
M l Mi 
ANCeP 
413.1 
3781.4 
817.12 
3729.6 
849.81 
1095.9 
3300.0 
3600.0 
3450.0 
1067.8 
1095.9 
3400.0 
ANThP 
1910.8 
1340.1 
1854.6 
1307.4 
3626.0 
3729.6 
1372.7 
3761.1 
Error 
(%) 
Ml M2 
-2.85 
-1.35 
0.00 
-2.70 
0.00 
0.00 
-5.70 
+2.28 
-1.40 
0.00 
+2.63 
-2.85 
0.00 
-1.20 
-2.90 
-3.60 
2.77 
0.00 
1.20 
1.35 
Eluant 
used 
Mg:0.01 M HCI 
Hg: 1 M NH4CI 
+ 1 M HCI 
Pb:0.1 M HCIO4 
Hg:1 M NH4CI 
+ 1 M HCI 
Zn-.O.OI M HCIO4 
Hg:1 M NH4CI 
+ 1 M HCI 
Pb:0.1 M HCIO4 
Cd:1 M HNO3 
Zn:0.01 M HCIO4 
Cd:1 M HNO3 
Cd:1 M HNO3 
Hg:1 M NH4CI 
+ 1 M HCI 
Cd:0.01 M HNOi 
Pb: 1 M HCIO4 
Zn: 0.01 M HCIO4 
Pb: 1 M HCIO4 
Cd:0.01 M HNO, 
Zn: 0.01 M HCIO4 
Zn: O.OI M HCIO4 
Hg:0. 1 M HCI 
V o l . o f 
e luan t 
(ml) 
40 
50 
50 
50 
60 
50 
50 
30 
40 
50 
40 
50 
50 
50 
50 
50 
40 
50 
SO 
60 
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Table 10 Binary separations of metal ions achieved on styrene based 
cerium (IV) and thorium (IV) phosphates columns. 
SI . 
No. 
1 
2 
3 
4 
S 
6 
7 
6 
1 
2 
3 
Separation 
achieved 
Ml M} 
Mg(ll)-Fe(ll l) 
Pb(ll)-Fe(ll l) 
Al( l l l )-Fe(l l l) 
Zn(l l)-Fe(l l l) 
Al( l l l )-Pb(l l) 
Al(m)-Hg(ll) 
Pb( l l ) -Hg( l l ) 
Zn(ll)-Hg(l() 
Hg(ll) - Ccl(ll) 
Zn(ll) - Cd(ll) 
Ba(ll) - Cd(ll) 
Amount l o a d e d 
(fxg) 
M l 
449.55 
3729.60 
229.50 
1143.97 
229.50 
229.50 
3729.60 
1143.97 
2900.8 
980.55 
2403.3 
M l 
977.37 
977.37 
977.37 
977.37 
3729.60 
3660.76 
3660.76 
3660.76 
1910.8 
1910.8 
1910.8 
A m o u n t f o u n d 
(r^g) 
Mi Mj 
StCeP 
441.0 
3626.0 
229.50 
1078.60 
236.25 
222.75 
3677.80 
1078.60 
977.37 
963.41 
991.37 
949.45 
3729.60 
3610.62 
3660.76 
3610.62 
StThP 
2800.0 
1013.2 
2368.9 
1910.8 
1882.7 
1910.8 
Error 
(%) 
M, 
-1.90 
-2.77 
0.00 
-5.71 
+2.94 
-2.94 
-1.38 
-5.71 
-3.45 
3.33 
-1.43 
M , 
0.00 
-1.43 
+ 1.43 
-2.85 
0.00 
-1.37 
0.00 
-1.37 
0.00 
-1.47 
0.00 
Eluant 
used 
Mg:0.01 M HCI 
Fe: 1 M HCIO4 
Pb: 0.1 M HCIO4 
Fe: 1 M HCIO, 
A l : 0.01 M HCI 
Fe: 1 M HCIO4 
Z n : 0.01 M H N O , 
Fe: 1 M HCIO4 
A l : 0.01 M HCI 
Pb: 0.1 M HCIO4 
A l : 0.01 M HCI 
Hg: 1 M HCI 
Pb: 0.1 M HCIO4 
Hg: 1 M HCI 
Z n : 0.01 M H N O , 
Hg: 1 M HCI 
Hg: 0.1 M HCIO4 
Cd:1 M HNO3 
Zn: 0.1 M HCI 
Cd: 1 M HNO, 
Ba: 0.01 M HCIO4 
Cd:1 M HNO, 
V o l . 
o f 
e l u a n t 
(ml) 
50 
50 
60 
50 
30 
40 
50 
40 
30 
50 
40 
50 
40 
50 
40 
40 
40 
50 
50 
50 
60 
50 
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Table 11 Do, Ea and AS* values for the exchange of H(l) with some metal 
ions on acrylonitrile based cerium (IV) phosphate. 
Metal ion 
exchanging 
with H(l) 
Mg(il) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Mn(ll) 
Co(ll) 
Cu(ll) 
Zn(ll) 
Ionic 
radius 
A 
0.78 
1.06 
1.27 
1.43 
0.91 
0.82 
0.70 
0.83 
Ionic 
mobility 
(cmV^ S' ) 
0.00055 
0.00062 
0.00062 
0.00066 
0.00028 
0.00043 
0.00046 
0.00047 
Do 
(m^S-^ » 
4.20x10" 
1.49x10-^ 
7.49x10-^° 
3.98x10-^° 
3.98 x10"^ 
7.94 x10-^° 
6.31 x10"'° 
1.25x10'^ 
Ea 
(KJmol"*) 
14.88 
11.76 
10.32 
8.62 
13.85 
9.93 
9.53 
11.36 
AS* 
(JK^^mor^ ) 
-56.76 
-65.34 
-71.09 
-76.35 
-57.20 
-70.61 
-72.52 
-66.78 
Table 12 Values of some thermodynamic parameters for the Mg(ll)-
H(l), Ca(ll)-H(l), Sr(ll)-H(l) and Ba(il)-H(l) exchanges at 
30°C and 50°C on acrylonitrile based cerium (IV) phosphate. 
Thermodynamic 
Parameters 
K 
AG* (KJmor^) 
AH» (KJmor^) 
AS» (KJmor^ deg-^) 
Mg(ll)-H(l) 
30°C SCC 
0.07 0.12 
6.70 5.63 
19.40 
0.04 
Values for the systems 
Ca(ll)-H(l) 
30°C SCC 
2.12 2.54 
-1.90 -2.50 
7.39 
0.03 
Sr(ll)-H(l) 
SO'C 50'C 
2.52 2.56 
-2.33 -2.51 
0.60 
9.69 
Ba(il)-H(l) 
30"C SO'C 
2.57 2.59 
-2.40 -2.55 
0.35 
8.90 
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•fc l lr l l iecf 1^^  
One of the most important branches of chemistry is Analytical Chemistry, It deals 
with the chemical analysis of substances. Its scope has widened greatly now-a-days 
because of the fastly growing chemical technology owing to the tremendous 
advancement in electronics. Chemical analysis is used as an intrinsic tool in geology, 
oceanography, and in air and water pollution. It may be either qualitative or quantitative. 
In qualitative analysis we are mainly concerned with the identification of the constituents 
present in a sample, while in a quantitative analysis we are interested in the actual 
amounts of these constituents. The importance of accuracy in a chemical analysis lies In 
the fact that even traces of an Impurity In a substance may altogether change its 
properties both chemical as well as physical. For example, we need ultra pure materials 
in the fabrication of semiconductors. Sometimes, the substances with an added impurity 
bears a great significance such as the doped semiconducting materials. 
Separation and detennination of different constituents in a given sample is of 
primary concern for an analytical chemist. The classical methods generally used for 
separations include distillation, extraction, precipitation, crystallization, dialysis, diffusion 
etc. Chromatography, ion-exchange and electrophoresis are considered to be the 
modem methods of chemical analysis. 
Chromatography is one of the most versatile analytical techniques used for the 
separation of substances in which the components to be separated are distributed 
between the two phases:-stationary and mobile. The technique was first reported by a 
Russian botanist Michael Tswett [1] in 1906 for the separation of various leaf pigments. 
The stationary phase in chromatography may be a solid or a liquid, and mobile phase 
may be a liquid or a gas. Thus, on the basis of the nature of the two phases 
Chromatography may be classified into the four broad categories such as liquid-solid, 
liquid-liquid, gas-solid and gas-liquid. The liquid-solid chromatography is considered to 
be a simple technique, easily operative under ordinary laboratory conditions. The solid 
stationary phase may be simply an adsorbent or an ion-exchange material. In the latter 
case the technique is called "Ion Exchange Chromatography". Table 1.1 summarizes the 
various chromatographic techniques used by an analytical chemist during chemical 
analysis. 
The phenomenon of ion-exchange is not of a recent origin. The earliest of the 
references were found in the Holy Bible, establishing Moses' priority who succeeded in 
preparing drinking water from brackish water, by an ion-exchange method [2]. Later on, 
Aristotle found that seawater loses part of its salt contents when percolated through 
certain sands [3]. Many million years ago, ion-exchange phenomenon was found to 
occur in various sections of the globe. For example some ions like potassium and lithium 
of petalite of pegmatite veins were replaced with rubidium and cesium ions of stepwisely 
coming fluid from the magma. This is nothing but ion-exchange phenomenon between 
minerals like petalite (solid phase) and fused salt fluid (liquid phase) [4]. In Egypt, 
Greece and China, the ancient people used some soils, sands, natural zeolites and 
plants as the tools for improving the quality of drinking water by desalting or softening. 
They utilized the ion-exchange phenomenon without scientific understanding. 
Nevertheless, they had enough experience to use them as water softener or desaiter. A 
scientific study of this process was, however, made only in the middle of the nineteenth 
century when different soil samples were investigated [5,6] and the ion-exchange 
properties of zeolites were explored [7]. Harnis and Rumpler [8] synthesized the first 
aluminosilicate-based ion-exchangers in 1903, while Follin and Bell [9] first applied a 
synthetic zeolite for the collection and separation of ammonia from urine. 
Strong supports to the ion-exchange process came out not from the scientists but 
from the industrialists. Periiaps Dr. Gans [10] in Germany was the first person who used 
ion-exchanger (processed natural zeolite) on an industrial scale, based on scientific 
understanding and technological maturity. Stimulated by Dr. Gans industrial success on 
Table 1.1 Various chromatographic techniques used in analytical chemistry 
CHROMATOGRAPHY 
Liquid Chromatography (LC) 
(Liquid carries the dissolved 
solutes through the sorbent 
column, paper or thin layer) 
Gas Chromatography (GC) 
(An inert wash gas carries the 
gaseous mixture through the 
sorption column) 
Liquid - Solid 
Chromatography 
(LSC) 
Liquid - Liquid 
Chromatography 
(LLC) 
Column 
Chromatography 
Non-column 
Chromatography 
Gas - Solid 
Chromatography 
(GSC) 
(Involves a column 
packed with an 
adsorbent) 
Gas - Liquid 
Chromatography 
(GLC) 
(Involves a solid 
coated with a 
stationary liquid as the 
sorbent) 
Paper 
Chromatography 
(PC) 
Thin Layer 
Chromatography 
(TLC) 
Normal phase 
Chromatography 
(Fixed polar 
liquids) 
Reversed phase 
Chromatography 
(Fixed non-polar 
liquids) 
Adsorption 
Chromatography 
Ion-Exchange 
Chromatography 
Gel Pemieation, Gel Filtration 
or Molecular Exclusion 
Chromatography 
water purification, a lot of scientific wori< was done on natural, processed and synthetic 
inorganic materials with regard to their ion-exchange properties. A more significant 
development took place in 1935 when Adams and Holmes [11] discovered that some 
synthetic high molecular weight polymers containing a large number of ionic functional 
groups, could be employed as ion-exchangers. However, the scientific research on ion-
exchange was started in 1944 by Kakihana at the laboratory of Analytical Chemistry in 
Tokyo Imperial University, Japan. At about the same time, a few chemists of Japanese 
Navy investigated the use of ion-exchangers for water desalination, especially for 
submarine crews. 
The period upto 1850 may be considered for first experimental observations and 
informations. The period between 1850 and 1905 was for the discovery of the principles 
of ion-exchange and the start of technical utilization of ion-exchangers. In between 1905 
and 1940 a rapid development of organic materials took place and the inorganic ion-
exchange sorbents were almost completely eliminated from all applications. The period 
after 1940 has seen a continuous and rapid development of artificial organic and fibrous 
ion-exchangers and a renaissance in inorganic ion-exchange sorbents for their practical 
applications. 
At first ion-exchangers were mostly used for water softening, but soon they were 
widely employed in many other fields such as analyses, and preparative works. Their 
use gave analysts new methods, which not only met the requirements of modem 
laboratories but also led to the solution of previously insolvable problems. Thus, the ion-
exchange process became established as a tool in laboratories and in industries. An 
interest in ion-exchange operations in industries is increasing day by day as their field of 
application is expanding. 
Ion-exchangers are the materials capable of exchanging the ions with their 
sun-oundings. They are generally the insoluble solids or immiscible liquids (in case of 
liquid ion-exchangers). Depending upon its ability to exchange cations or anions the 
exchanger is either a "cation-exchanger" or an anion-exchanger". A solid ion-exchanger 
consists of a matrix with a negative (cation-exchanger) or a positive (anion-exdianger) 
charge, and the counter ions which compensate this charge. The matrix is a highly 
polymerized crosslinked hydrocarbon containing ionogenic groups. 
In a true ion-exchange process the exchange of ions takes place 
stoichiometrically between the stationary and mobile phases. A typical ion-exchange 
reaction may be represented as follows: 
R-A + B(aq) =^= i R-B + A(aq) 
where A and B are the replaceable ions, R is the stoictural unit (matrix) of the ion-
exchanger and 'aq' stands for the aqueous phase. The ion-exchange process is 
reversible i.e. it can be reversed by suitably changing the concentration of the ions in 
solution. The process is, in many respects, analogous to the adsorption process but is 
not exactly the same. The most characteristic difference between the two processes is, 
that the ion-exchange takes place stoichiometrically, really by the effective exchange of 
ions, while in an adsorption process the adsorbent takes up dissolved substances from 
the solution without releasing anything into the solution (molecular adsorption). However 
the two processes may occur simultaneously in practice. The Ion-exchangers may be 
natural or synthetic substances having a porous structure. 
Ion-exchanger may be "organic" or "inorganic" Although inorganic materials were 
first to be recognized as ion-exchangers they lost their utility after the discovery of 
organic resins because of their instability in aqueous solutions of wide pH ranges and 
non reproducibility in behaviour. However, a revival of the interest in inorganic ion-
exchangers took place in the middle of this century, because of their use in nuclear 
researches. At that time there was a need of some new materials, which may remain 
stable at high temperatures and in the presence of high radiations. Organic resins were 
not found to be suitable under these conditions. Since the matrix in inorganic ion-
exchangers is more reactive than that of the organic resins, the selectivity for the metal 
ions depends t)oth on the adsorption characteristics of the matrix and the ionogenic 
groups attached to the matrix. 
1.1 INORGANIC ION EXCHANGERS 
The last forty years have seen a great upsurge in the researches on inorganic 
ion-exchangers, the main emphasis being given on the synthesis and characterization of 
chemically stable and reproducible ion-exchange materials. Important advances in this 
field have been reviewed by a number of workers at various stages of its development 
like Amphlett [12], Fuller [13], Qureshi et al. [14], Vesely and Pekarek [15, 16], Clearfield 
et al. [17], Alberti et al. [18] and Costantino [19]. Further, the books [20, 21] published 
have provided a long-term picture of this field. Dyer has dealt with the theories involved 
in zeolite molecular sieves [22, 23], which have a direct relevance to the principles 
underlying the inorganic Ion-exchangers. 
Inorganic ion-exchangers are generally produced by combining the oxides of III, 
IV, V and VI groups of the periodic table. A large number of such materials have been 
prepared by mixing phosphoric, arsenic, molybdic, antimonic and vanadic acids with 
titanium, zirconium, tin, thorium, cerium, iron, antimony, chromium, niobium, tantalum, 
bismuth, nickel, cobalt etc. Table 1.2 summarizes the characteristics of various ion-
exchangers, which have been studied so far [24-177]. 
The insoluble acid salts of polyvalent metals were initially obtained as gels with 
no definite composition and with less stability towards hydrolysis of their acid groups. 
Some of them, particulariy the amorphous zirconium phosphate exhibited a high 
selectivity for some important cations such as Cs(l) and U02(ll). Starting from the 
eariiest review of Amphlett on amorphous inorganic ion-exchangers in 1964 when the 
field was in its infancy, the researches have led us to a stage when it has become an 
important analytical tool. 
Table 1.2 A list of inorganic ion 
features. 
exchangers prepared so far and their salient 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6, 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Material 
(1). Aluminium based exchangers 
Aluminium antimonate 
Aluminium vanadate 
Aluminium tripoly- phosphate 
(II). Antimony based exchangers 
Antimonic acid 
Phosphoantimonic acid 
Phosphorous -antimony 
Silicon-antimony 
Antimony ferrocyanide 
Antimony -phosphorus -silicon 
(III). Bismuth based exchangers 
Bismuth tungstate 
Bismuth tellurate 
(IV). Cerium based exchangers 
Cerium phosphate 
Cerium-phosphate-sulphate 
Cerium arsenate 
Cerium antimonate 
Nature 
Amorphous 
Amorphous 
-
Crystalline 
Glassy 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amoiphous 
Microcrystalline 
Crystalline 
Crystalline 
Microcrystalline 
Amorphous 
Selectivity 
Ag(l), U02(ll), 
Ba(ll). Ti(IV) 
-
* 
K(l). Li(l) 
Na(l), K(l), 
NH4(I). Ag(l) 
-
-
Sr(ll) 
Cd(ll). Li(l). Na(l). 
Mg(ll). Sr(ll). Ba(ll). 
Y(lll). La(lll) 
Pb(ll) 
-
Cs(l). Rb(l). K(i), 
Na(l). U(l) 
Cs(l). Na(l), As(l) 
Pb(ll). Ba(ll). Ag(l) 
Na(l). Ag(l). Sr(ll). 
Ca{ll). Cs(l) 
-
Hg(ll) 
Reference 
(24, 25) 
(26) 
(27) 
(28. 29) 
(30.31) 
(32) 
(33) 
(34) 
(35) 
(36) 
(37) 
(38-40) 
(41) 
(42) 
(43) 
(44) 
(45) 
Contd. 
SI. 
No. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
Material 
Cerium molybdate 
Cerium tungstate 
Cerium phosphosilicate 
Cerium selenite 
Cerium vanadate 
(V). Chromium based exchangers 
Chromium phosphate 
Chromium arsenate 
Chromium molybdate 
Chromium tungstate 
Chromium antimonate 
Chromium tellurate 
Chromium ferrocyanide 
Chromium arsenophosphate 
(VI). Cobalt based Exchangers 
Cobalt antimonate 
Cobalt ferrocyanide 
(VII). Iron based exchangers 
Ferric phosphate 
Ferric arsenate 
Ferric antimonate 
Ferric tungstate 
Ferric ferrocyanide 
(VIII). Lead based exchangers 
Lead antimonate 
Lead tungstate 
Lead strontium phosphate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
~ 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
-
Selectivity 
-
Hg{ll), Ti(IV) 
-
-
~ 
K(l). Na(l). Li(l) 
Ca(ll), Sr(ll), Ba(ll) 
Zr(IV). Hf(IV) 
Pb(ll). Ga(lll) 
Th{IV). Hf{IV) 
Pb(ll). Co(ll) 
-
Cu(ll), Ag(l) 
K(l) 
-
-
Pb(ll), Eu(lll). 
Ga(lll) 
K(l). Na(l). Li(l) 
Cd(ll) 
Ce(IV) 
Ca(ll) 
Pb(ll). Cd(ll) 
-
-
Reference 
(46) 
(47) 
(48) 
(49) 
(50) 
(51) 
(52) 
(53) 
(53) 
(53) 
(53, 54) 
(55) 
(56) 
(57) 
(58) 
(59) 
(60) 
(61) 
(62) 
(63) 
(64) 
(65) 
(66) 
(67) 
Contd... 
SI. 
No. 
39. 
40. 
41. 
42.-
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
Material 
(IX). Magnesium based exchangers 
Magnesium phosphate 
Magnesium trisilicate 
(X). Niobium based exchangers 
Niobium antimonate 
Niobium arsenate 
Niobium molybdate 
Niobium phosphate 
(XI). Tin based exchangers 
Stannic phosphate 
Stannic tungstoselenate 
Stannic arsenate 
Stannic antimonate 
Stannic molybdate 
Stannic selenite 
Stannic tungstate 
Stannic vanadate 
Stannic ferrocyanide 
Stannous ferrocyanide 
Stannic molybdosilicate 
Stannic molybdoarsenate 
Stannic pyrophosphate 
Stannic selenopyrophosphate 
Stannic tungstophosphate 
Nature 
Amofphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
-
" 
-
Rare earth metals 
La(l)l) 
-
Na(l), U(l). Cu(ll). 
Zn(ll), Ni(ll), Co{il) 
Ba(ll) 
Al(lll), Ga(lll), In(lll) 
Cu(ll), Ni(ll), Co(ll) 
Pb(ll) 
Li(l). Na(l). m 
Co(ll), Ba(ll), Ni(ll). 
Pb{ll). Mn{ll), Cu(ll), 
Sr(ll) 
K(l). Na(l). Li(l) 
K(l), Ba(ll), Na(l) 
Cu(ll). NKII). M9(ll). 
Mn(ll), Y(lll) 
Th(IV) 
-
2r(IV). Th(IV), 
Y(lll), Bi(lll) 
Ag(l). Pb(ll). Sr(ll). 
Zr(IV) 
2n{IJ), Hg(H) 
Reference 
(68) 
(69) 
(70) 
(71) 
(72) 
(73) 
(74) 
(75) 
(76) 
(77) 
(78) 
(79) 
(80) 
(81) 
(82) 
(83) 
(84) 
(85) 
(86) 
(86) 
(87) 
Contd. 
10 
SI. 
No. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
Material 
Stannic phosphosilicate 
Stannic tungstovanadophosphate 
Stannic selenophosphate 
Stannic tungstoarsenate 
Stannic vanadoarsenate 
Stannic vanadophosphate 
Stannic selenoarsenate 
Stannic vanadotungstate 
Stannic arsenoantimonate 
(XII). Tantalum based exchangers 
Tantalum phosphate 
Tantalum arsenate 
Tantalum antimonate 
Tantalum selenite 
Tantalum tungstate 
Tantalum sulphate 
(Xlli). Titanium t>ased exchangers 
Titanium phosphate 
Titanium arsenate 
Titanium antimonate 
Titanium molybdate 
Titanium tungstate 
Titanium selenite 
Titanium vanadate 
Titanium ferrocyanide 
Nature 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
Hg(ii) 
-
-
-
Ba(ll), Cu(ll) 
Ba(ll) 
Ba(ll), Cu(ll) 
-
Al(lll) 
Mg(ll). Ba{ll). Cd((l), 
Ni(ll) 
Cs{l). Rb(l) 
Ba(ll). K(l). Na(l) 
K(l). NH4(I). Na(l) 
-
K{l). Y(lll) 
K(l). 2n(ll) 
-
Pb(ll). Cu(ll). Ba(ll). 
Sr(ll). Zn(ll). Cd(ll) 
Rare earth metals 
Vo(ll) 
Pb(ll). Ba{ll), 
Tl(l). K(l) 
Cs((). Mg(ll), Ca(ll) 
Cd(ll) 
Sr(ll) 
Cs(l) 
Reference 
(88) 
(89) 
(90) 
(91) 
(92) 
(93) 
(94) 
(95) 
(96) 
(97) 
(98) 
(99) 
(100) 
(101) 
(102) 
(102) 
(103. 104) 
(105) 
(106) 
(107) 
(108) 
(109) 
(110) 
(111) 
(112) 
Contd. 
11 
SI. 
No. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 
100. 
Material 
Titanium arsenophosphate 
Titanium ferricyanide 
Titanium arsenosilicate 
Titanium molybdophosphate 
Titanium phosphosilicate 
Titanium tungstoarsenate 
Titanium tungstophosphate 
Titanium vanadophosphate 
(XIV). Thorium based exchangers 
Thorium phosphate 
Thorium arsenate 
Thorium antimonate 
Thorium molybdate 
Thorium tungstate 
(XV)- Tungsten based exchangers 
Tungsto antimonic acid 
Tungsten ferrocyanide 
(XVI). Uranium based exchangers 
Uranyl hydrogen phosphate 
Uranium ferrocyanide 
(XVII). Zirconium based exchangers 
Zirconium phosphate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
-
Amorphous 
Amorphous 
Amorphous 
~ 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
-
Amorphous 
Amorphous 
Selectivity 
-
Rb{l) 
Pb(ll) 
-
-
Zr(IV). Nb(V). 
Pu(IV), Cs(l) 
Pb(ll) 
Th(IV) 
Rb(l), Cs(l). Ag(l) 
Pb(ll), Fe(lll), Bi(lll) 
-
-
-
Fe(lll). Zr(IV), Pb(ll) 
Cs{l), K(l). Na()) 
Bi(lll). Hg(ll) 
-
-
Cs(l). Rb(i). K(l) 
-
Cs(l). Rb(l), 
K(l), Na(l), 
Eu(lll),Sr(ll).Co(ll). 
Ni(ll).Zn(ll).U02(ll) 
Reference 
(113) 
(114) 
(115) 
(115) 
(116) 
(117) 
(118) 
(119) 
(120) 
(121) 
(122) 
(123) 
(124) 
(125) 
(126) 
(127) 
(128) 
(129) 
(130) 
(131) 
(132) 
(133) 
(134) 
Contd... 
12 
SI. 
No. 
101 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 
112. 
113. 
114. 
115. 
116. 
117. 
118. 
Material 
Styrene supported Zirconium phosphate 
Zirconium pyrophosphate 
Zirconium hypophosphate 
Zirconium polyphosphate 
Zirconium aluminium phosphate 
Zirconium arsenate 
Zirconium antimonate 
Zirconium molybdate 
Zirconium tungstate 
Styrene supported 
Zirconium tungstophosphate 
Zirconium tungstophosphate 
Zirconium tellurate 
Zirconium oxalate 
Zirconium silicate 
Zirconium ferrocyanide 
Zirconium silicomolybdate 
Zirconium arsenophosphate 
Hydrous zirconium oxide 
Nature 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
-
Selectivity 
Na(l). Ag(l), 
Ca{ll), NH4{I) 
Sr(ll). U02(ll).Ce(lll) 
-
Cu(ll). Nl(ll). Ca(ll), 
Na(l), Fe(H). Mg(ll) 
For multivalent 
metals 
Fe(lll), Cu(ll), 
Ca(ll). Ba(ll) 
Pb(ll) 
Cs(l). K(l). Na(l) 
Na(l), K(l). Cs(l) 
Na(l). K(l). NH4(I). 
Rb(l), Cs(l). U(l) 
-
Cs(l). Rb(l). K(l). 
Na(l), U(l) 
Hg(ll) 
Cd(ll) 
-
Na(l). Cs(l). Rb(l), 
K(l) 
Th(IV). Sm(lll). Cs(l) 
Sr(ll) 
Lid), Na(l), NH4{I) 
-
-
Bl(lll) 
Reference 
(135) 
(136) 
(137) 
(138) 
(139) 
(140) 
(141) 
(142) 
(142) 
(143. 144) 
(145) 
(146) 
(147) 
(148) 
(149) 
(150) 
(151) 
(152) 
(153) 
(113) 
(154) 
Contd. 
13 
SI. 
No. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 
142. 
143. 
144. 
Material 
Zirconium arsenophospliate 
Zirconium arsenosilicate 
Zirconium tungstoarsenate 
Zirconium titaniumphosphate 
Zirconium aluminopyrophosphate 
Zirconium arsenosilicate 
Zirconium molybdovanadate 
Zirconium molybdophosphate 
Zirconium phosphosilicate 
Zirconium phosphoiodate 
Zirconium selenite 
(XVIII) Miscellaneous acid salts 
Cesium zirconium phosphate 
Collidinium molybdoarsenate 
Copper ferricyanide 
Hafnium phosphate 
a-Hafnium phosphate 
Lanthanum antimonate 
Lanthanum tungstate 
Molybdate ferrocyanide 
Nickel antimonate 
Pyridinium tungstoarsenate 
Tellurium antimony 
Vanadium fen'ocyanide 
Zinc ferrocyanide 
Zinc uranyl phosphate 
Zinc uranyl phosphomolybdate 
Nature 
Amorphous 
Crystalline 
-
Crystalline 
-
Crystalline 
-
-
Amorphous 
Electronion exchanger 
Crystalline 
-
-
-
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
-
Amorphous 
Amorphous 
Amorphous 
-
-
Selectivity 
-
-
Ag{l) 
-
-
Al(lll). Fe(lll). 
Pb(il), Cd(ll) 
Li(l), Na(l) 
-
Pu(IV), Cs(l) 
Qualitative oxidation 
ofFe{ll).Ti{lll). 
As(lll). Sn(ll), Sb(lll) 
• 
-
Tl(l). La(iil) 
-
Li(l) 
-
Hg(ll). Mg(ll) 
-
Cs(l) 
Bi(lll) 
Rb(l). Cs(l) 
-
Cs(l), Rb(l) 
Cs(l) 
-
-
Reference 
(155) 
(156) 
(157) 
(158) 
(159) 
(160) 
(161) 
(116) 
(162) 
(163) 
(164) 
(165) 
(166) 
(167) 
(168) 
(169) 
(170) 
(171) 
(172) 
(58) 
(173) 
(174) 
(175) 
(176) 
(177) 
(177) 
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1.2 FIBROUS ION EXCHANGERS 
Although a large number of inorganic ion-exchange materials have been reported in 
literature, their main drawback has been a poor reproducibility and stability both 
chemical and mechanical. Recently, fibrous ion-exchange materials have drawn the 
attention of researchers and experimentalists as they exhibit a high efficiency in the 
process of sorption from gaseous and liquid media. Fibrous ion-exchangers can be used 
in the fomi of various textile goods, such as cloth, coveyer belts, nonwoven materials, 
staple, nets, etc., thus opening up many possibilities for new technological processes. 
They consist of monofilament of unifomi size ranging in diameter between 5-50pm. This 
predetermines short diffusion path of sorbates in a sorbent and high rate of sorption 
which can be about hundred times higher than that of granular resins with a particle 
diameter 0.25-1 pm, normally used in such processes. Hence, they are more useful in 
large-scale processes where a high resistance of filtering layers is needed. Another 
important advantage of fibrous ion-exchangers is their extremely high osmotic stability, 
which allows using them in conditions of multiple wetting and drying occurring at cyclic 
sorption/ regeneration processes in air purification. Possible variants of application of 
fibrous ion-exchange materials are illustrated in Fig. 1.1. 
Most of the researches on ion-exchange fibres have been done in the USSR and 
Japan. There are monographs [178-180J, a number of review papers [181, 182], and 
patents In which preparation methods, properties, technologies, and possible areas of 
application of fibrous ion-exchangers are described. In the USSR, the tentative 
production of different fibrous ion-exchangers (VION®) has been organized. Similar 
production is also anticipated in Japan [182, 183]. In recent years at the Institute of 
Physico-organic Chemistry of the Byelorussian Academy of Sciences, intensive research 
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/K =^ S ^\ 
lEF 
(a) 
^ 
Regeneration 
bath 
(C) 
(e) 
lEF-
(f) 
Fig. 1.1 Variants of application of ion-exchange fibres (lEF) in liquid and gaseous processes. 
(a) ion-exchange columns with different filling 
(1) Staple pulp (2) Parallel threads (3) Layers of fibrous material 
(b) Conveyer belt made of ion-exchange fibres (Process with continues 
regeneration) 
(c) Mats made of lEF in the river or sea stream 
(d) Dragging nets made of lEF 
(e) Chemical air filters with lEF 
(f) Gas mask or respirator filled with lEF material 
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has been carried out to develop preparation methods for fibrous ion-exchangers of 
different types and identify the fields of their efficient application, such as air purification 
from acidic and alkaline impurities [178, 184], preparative chromatography, v^ a^ter 
purification or extraction of ions of useful elements from gaseous media. In the studies of 
Japanese and Western authors [185-187], much attention has been paid to the 
processes of water purification and extraction from water of useful substances such as 
uranium, gold, etc. Here, the application of fibrous ion-exchangers makes it possible to 
employ other than conventional column methods. 
As a result of these investigations, the methods and technology of production of 
fibrous ion-exchangers of all types based on styrene and divinylbenzene copolymers 
grafted onto the polypropylene fibre (sulpho-carboxyl and other types of cation 
exchangers, strong and weak-base anion exchangers) have been developed [188, 189]. 
These fibrous ion-exchangers have the registered trade marie "Fiban*" [190]. Fiban K-1 
[191] is a strong-acid cation-exchanger prepared by sulphonation of styrene-
divinylbenzene copolymer grafted onto polypropylene fibre. Fiban A-1 [192], a strong 
base fibre, is a product of chloromethylation and subsequent amination of the same 
grafted copolymer with trimethylamine. Thus, the Fiban K-1 and A-1 ion-exchangers are 
analogues of the most common granular ion-exchange resins and can be used for the 
same purposes. The Fiban AK-22, a weak base polyacrylic fibre is a complex-fomiing 
polyampholyte containing imidazoline and carboxyl groups [193]. 
The grafting of polystyrene on to polypropylene fibres was canied out at room 
temperature by use of styrene solutions in organic solvents by means of direct 
generation of radicals in the polypropylene matrix initiated by 100 rad/s radiation. In 
several cases about 2% divinylbenzene was added to styrene. Figure 1.2 shows a 
scheme for preparation of this family of fibrous Fiban ion-exchangers. 
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H,C=:CH 
—HoC—CH 
I CH, 
H2C=CH 
n 
H2C=CH 
y - irradiation 
Polypropylene-graft [Styrene-DVB Copolymer] 
H2SO4. AT 
1. CH3OCH2CI; 
SnCU; ZnClz, AT 
2. (CH3)3N,AT 
1. CH3OCH2CI; 
SnCU; ZnCl2, AT 
2. NaOH.AT 
3. HNO3.AT 
FIBAN K-1 FIBAN A-1 
I 
FIBAN K-2 
and 
COOH 
SO3H CH2—N*(CH3)3Cr COOH COOH 
Fig. 1.2 A technological scheme for preparation of FIban ion exchangers. 
The exchange capacity of these ion-exchangers can be varied In two ways: by 
changing the quantity of polystyrene grafted onto the polypropylene fibres and the 
degree of polymer-analogous transformations. Conditions were found under which the 
grafting degree can be raised to 600% (6 weight parts of polystyrene per one weight part 
of polypropylene), the sulphation degree to 1, amination degree to 1.2 (functional groups 
per benzene nucleus). Thus, the exchange capacity of these ion-exchangers can reach 
about 4.5 meq/g. The exchange capacity of anion-exchangers with imidazoline groups 
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can amount to 11meq/g. However, the preparation of ion-exchangers of maximal 
capacity serves no practical purpose because the mechanical and osmotic properties as 
well as the swelling ratio become unfavourable. The swelling properties of fibrous ion-
exchangers can be varied by changing the polystyrene grafting degree, the 
divinylbenzene content, the number of functional groups, as well as the grafting 
conditions and subsequent treatment of fibres. Swelling of fibrous ion-exchangers 
qualitatively depends on the ionic form in the same v»/ay as for conventional granular ion-
exchangers. 
Ion exchange fibres, when used for purification of water and gases, may undergo 
mechanical and osmotic shocks or be exposed to aggressive media. To be worthed into 
fabrics, they have to possess some definite mechanical characteristics. It is evident that 
the fibrous ion-exchangers are more uniform in diameter than standard, commercial 
granular ion-exchange resins. The strength of ion-exchange fibres is sufficiently high for 
weaving into fabric. The fibres can withstand multiple bends without destruction. Their 
capacity remains unaffected under osmotic shocks induced by frequent changes in 
swelling. The structure of ion-exchange fibres strongly depends on the method of 
preparation of the starting graft-copolymer. It may be more or less porous and yield ion-
exchangers of greater or lesser mechanical and osmotic strength. Fiban K-1 and Fiban 
A-1 fibres have a chemically inert matrix, polypropylene, therefore, their chemical 
stability towards acids, bases, oxidants and the majority of solvents under ordinary 
conditions is similar to that of common styrene - divinylbenzene ion-exchangers. The 
thermal stability of ion-exchange fibres is also detennined by the properties of their 
polypropylene matrix and polypropylene-polystyrene binding nodes. Apart from effects 
typical of anion-exchangers, it has been found [194] that at about ISCC an endothennal 
peak appears in the differential thermal analysis curves which evidences the melting of 
polypropylene matrix crystallites. In addition, at ISS-lseX a sharp increase in heat 
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release is observed. Studies of exchange capadty and Infrared spectra showed that the 
above effect is explained by the overlapping of an endothermal process and 
decomposition of functional groups of anion exchange fibres upon exothermal themio-
oxidative polypropylene destruction. Therefore, Fiban A-1 and K-1 can be applied under 
the same conditions as granular styrene - divinylbenzene ion-exchangers. The osmotic 
stability of fibrous ion-exchangers based on polypropylene fibres appeared to be 
exceptionally high, showing no marked destruction. They withstand thousands of 
swelling-contraction cycles upon alternate treatment with acid and base, as well as 
drying and wetting, while the fibrous ion-exchanger based on polyethylene fibres [195] 
shows a more homogeneous composition of functional groups and a higher elasticity. 
Many hydrometallurgical processes are accompanied by air pollution with volatile 
acids, anhydrides and aerosols. Fibrous ion-exchangers can be one of the powerful 
means to solve this problem. The possibility of use of ion-exchangers for air purification 
from this type of pollutants directly follows from their properties. Sorption of SO2, CO2, 
NH3, HF, HCi by ion-exchange resins have been described in a number of publications 
[196-204]. Their high sorption capacity and selectivity in combination with positive effect 
of air humidity is a good premise for development of new air purification technologies. 
These technologies nomially deal with large volumes of purified air. Even processes of 
the smallest scale require treatment of thousands of cubic meters of air per hour. It 
means that the flow rates in these processes must be high which require very high 
sorption rates. Fibrous ion-exchange materials in the form of doth or non-woven felt with 
a filament thickness below 50 microns can be used for removal of impurities from gas 
flows. It has been shown [205] that the rate of sorption is one or two orders of magnitude 
higher than that for industrially produced resins of similar chemical structure. These 
materials are elastic to some degree and have outstanding osmotic stability [206]. In a 
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number of studies on the application of fibrous ion-exchangers in gaseous processes 
their advantages have been proved [207, 208]. 
Fiban A-1 and Fiban AK-22 were tested for removal of acidic impurities such as 
CO2, H2S, SO2 and vapours and aerosols of inorganic and some cartwxylic acids from 
air while Fiban K-1 was tested for removal of ammonia from air [209, 210]. One of the 
peculiarities of the SO2 sorption-regeneration process by weak base ion-exchanger 
(Fiban AK-22) is that water is an active chemical participant in the sorption since SO2 is 
sorbed as HSO3 and / or SO,' ions e.q : 
SO2 +H2O = ^ H2SO3 +2RNH2 === 2RNH5 HSO3 = ^ 
H2S03+(RNH^)2SO§-
The other peculiarity is that SO2 can be spontaneously oxidised in air aqueous 
systems to form SO3. This process is slow in air and requires special catalysts. It is 
much faster in aqueous media, where the easiest oxidising species is the HSO3 ion. 
Therefore it can be expected that this process would occur in the ion-exchanger phase 
as well as in the regeneration solution. 
RSO§-(HSO;) +1/2 O2 = ^ RSO -^ (HSO;) 
The critical humidity is substantially higher, can be caused by the fact that one 
water molecule is required to fomn a hydrosulphite ion from a SO2 molecule and some 
additional amount of water fomns the diffusion medium in the ion-exchanger phase 
needed to provide accessibility of the functional groups for the SO2 molecules 
or HSO3 (SO3") -ions. Critical air humidity coresponds to two water molecules per one 
functional groups of the ion-exchanger. Regeneration was done by passing 3% soda 
solutions through the cell after the sorption cycle at a rate of 2.8.10"Wmin. Sulphite and 
sulphate ion concentrations were determined in the effluent. The average degree of 
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conversion of sulphite into sulphate ions was 55-72%. Since oxidation could take place 
only during the sorption process (not more than 8 h), this was evidence of a mariced 
catalytic activity of the ion-exchanger in the oxidation process. 
The processes occuning in the SO2 sorption by strong base ion-exchanger 
(Fiban A-1) can be formulated as follows: 
SO2+H2O = = ^ H2S03+[RN(CH3)5]3CO^- =:=^ [RN(CH3r3],S03 
H2CO3 +[RN(CH3);i2 S0|- =^=^ CO2 +H2O + 
[RN(CH3);]2SO^-+H2S03 = ^ 2RN(CH3)5HSO; 
Compared to the weak base ion-exchanger, the sorption in this case is 
characterized by much steeper breakthrough curves. The sorption isotherms are very 
steep at low concentrations of SO2 in the gas phase and already at 30mg/m^ SO2, the 
ion-exchanger becomes completely converted into the sulphite form and further is 
oxidised into the sulphate fomi. An important feature of the process is extremely high 
oxidation rate in the presence of strong base ion-exchanger. It was established that the 
degree of oxidation reaches practically 100% during the sorption stage. It was found to 
be controlled by the external mass transfer and can be completed In several minutes if 
the airflow Is sufficient. Similar to the sorption process, air humidity strongly influences 
the rate of oxidation. Oxidation of sulphite into sulphate is a process of great practical 
Importance because sulphite toxicity is much higher than that of sulphate and addition 
oxidation is usually required to satisfy sanitary standards. 
Similariy, the process for the sorption of H2S by OH" -form of Fiban A-1 was 
descritied by Soldatov as: 
2RN(CH3)^OH-+H2S = = ^ [RN(CH3)^]2 S^"+2H2O 
[RN(CH3)^]2S2-+H2S = ^ 2RN(CH3)*HS-
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Sorption of H2S by Fiban AK-22 does not exceed 10mg/g. A very important factor 
complicating this process is the presence of CO2 in the atmospheric air. Being a stronger 
acid than H2S, H2CO3 generates bicarbonate ion, which strongly affects H2S sorptions. 
Therefore experiment have been done either in the absence of CO2 or by strictly 
controlled its concentration in the gas phase. The dynamic activity of Fiban A-1 in the 
H2S sorption is high enough for its practical application in air purification even in ttie 
presence of CO2 concentration of 915 mg/m^ which is slightly higher than in natural air. 
This process is less sensitive to air humidity. This is because, the OH"-form of the strong 
base ion-exchanger at very low air humidity already contains four water molecules per 
equivalent, which is sufficient for the H2S sorption. Further, as it follows from the reaction 
equation the reaction between HzS and the OH'-form of ion-exchanger cause release 
water v\tiich improves the kinetics of this process. Desorption of H2S from the ion-
exchanger was done by 4% NaOH solution. 
Fiban fibrous ion-exchangers are used for liquid ion-exchange processes. They 
can be successfully used for chromatographic separation of alkali metal tons, 
complexing ions (Cu^*, Ni^ *, Co^*; Zn^*, Pb *^, Mn^*), amino acids, halide ion; removal of 
hexavalent chromium and molybdenum anions from aqueous solutions [211]. It was 
observed that the column permeability could be easily controlled via packing density of 
the fibrous material. 
Technologies of air purification with different Fiban ion-exchangers have been 
worthed out on a pilot plant with capacity 300m%, and with a filtration area of non-woven 
ion-exchange materials of 1m .^ Sorption and regeneration stages have been optimised 
and technical documentation necessary for constaiction of industrial filtering plants has 
been obtained. Several types of Filtering plants, named FIF (Fiban Ion Exchange Frame 
Filter) have been developed and installed in about 20 different factories in Belarus, 
Russia, Ukraine and some other states. Therefore, it is to be concluded that the Fiban-
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type fibrous ion-exchange material can be efficiently used in the purification of gases 
from acid and base impurities. Exploration of new fields for application of fibrous ion-
exchangers in liquid processes and estimation of their real value for technology still 
needs to be investigated. However, the high efficiency of fibrous ion-exchangers for 
gaseous processes such as air purification from acidic or basic impurities is beyond 
doubt. It was also shown that humidity of the air being purified is one of the most 
important controlling factors in gas purification process. 
Like Fiban, VION* fibrous ion-exchange materials can also be used in the 
purification of gases from acid and base impurities. This has been confirmed by Barash 
etal. [212-214]. They studied the effect of repeated generation on the properties of Vion 
AN-1 ion-exchange fibres for the removal of harmful emissions e.g. HCI, from gas-air 
and liquid media was studied. The ion-exchange capacity (lEC) of the fibre was not 
adversely affected by repeated regeneration in 0.1N acid and alkali solutions, but the 
lEC decreased to 92.1 and 78.8% by repeated regeneration in 5N H2SO4 and IN HNO3 
respectively. The lEC of the fibres increased by treatment with 1.25N NaOH at 90° due 
to the hydrolysis of nitrile groups. The optimum conditions for alkaline regeneration of 
the fibres were < 15% NaOH concentration, < 70" and 0.5 hour. 
They also studied the sorptive properties of Vion fibres containing carisoxy group 
and showed tiiat no corresponding increase in adsorption degree of NH3 was observed 
at fibrous sorbent static exchange capacity (SEC) > 3.5 mequiv/g. The optimization of 
the preparation conditions of weakly acidic chemisorptive Vion fibres was earned out at a 
given SEC selected from sorption measurement results. The tensile strength of fibre was 
found to be 8-10 CN/tex while elongation 40-45%. 
Polovikhina [215] determined the sorption of chloride, nitrate and sulphate anions 
under static and dynamic conditions for fibrous anion exdianger-Vion AS-1 containing 
pyridine groups and Vion AS-2 containing diphatic anion groups. The sorption process 
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depended on the size of the anion of the fibrous sorbents. All Vion fibres [216] are acid-
resistant but undergo the hydrolysis of nitrile groups to carboxylic groups in alkali 
solutions, Na2C03 solutions are recommended for regeneration of the ion-exchange 
fibres. 
Fibrous ion-exchangers [217,218] obtained in the form of sheet have high 
permeability to air and water. Watanabe [219] manufactured it by partially heat-bonding 
ion-exchange fibres and fibre containing components (A) having melting point lower than 
the ion-exchange fibres and /or components having melting point higher than the A. 
Thus, a piece of paper (basis wt. 100g/m )^ prepared from a 50:50 mixture of multicore 
ion-exchange fibre (diameter 40|jm, length 0.5mm) and cellulose fibres was pressed at 
5Kg/cm ,^ dried at 90°, laminated with a web (basis wt. 30g/m )^ of component hot-melt-
adhesive fibre (B), sandwiched between steel nets, and heated at 175" for 3 min to form 
a sheet showing tensile strength 4.1 Kg/15mm (longitudinal) and 4.2 Kg/15mm 
(transverse) tear strength 3.8 Kg/cm ,^ and air penneation 4.9cm /^cm -^ S. 
Fibrous ion-exchangers are used to prepare deodorizing cloth by weaving ion-
exchanger-grafted fibres with either natural or artifidal fibres [220]. The cloth is used for 
manufacturing bedding and clothing. Thus, polyester fibres were irradiated with 20M rad. 
electrons in nitrogen and socked in a solution containing hydroxystyrene monomer and 
isoprene to give grafted polymers, which were aminoquatemarized to forni anionic 
fibres. On the other hand, polyester fibres were irradiated with 20 Mrad. electrons in N, 
soaked in an aqueous acrylate solution to give grafted polymers, which were further 
treated with NaOH solution to give cationic fibres. Cloths were prepared using these 
fibres. 
The ion-exchange fibre sheet in the fomn of tobacco smoke filter material 
[221,222] prepared by sulphonating polymer fibres, selectively remove carcinogenic and 
mutagenic substances from cigarette smoke, without affecting flavour and aroma. Thus, 
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a compound containing polystyrene [9003-53-6] 40 and polypropylene (9003-07-0) 10 
parts enclosing polypropylene 50 parts were spun at 270°C to yield fibres (42 denier, 42 
filament). The fibres were cut into 1mm segments. The cut fibres were soaked in a 
solution containing H2SO4 22, nitrobezene 104 and paraformeldehyde 0.3 parts. The 
fibres were allowed to stand at room temperature for 6 hours, washed with water and 
then ethylalcohol and dried. The dried fibres were soaked in H2SO4 at gO'C for 24 hours, 
washed and dried. The fibres were H-type, sulphonic acid-containing strongly acidic 
cation-exchangers (ion-exchange capacity 3.0 pg Na/g, water content 12.3%). The fibres 
were fibrilized in a blender, mixed with an equal amount of polyethylene pulp, and made 
into a sheet. The sheet and poly (ethylene-terephthalate) were layered and made into 
cigarette filter tips. This cigarette filter tip removed more tars than a conventional one, 
and gave high organoleptic test scores. 
Manufacturing of textile-based graft co-polymers for ion-exchangers [223] is 
carried out by radiation graft polymerization of textile with hydrophilic monomer, cationic 
exchange group-bearing monomer. Radiation graft polymerization of polypropylene 
fibres with a mixture of acrylic acid and sodium styrene sulphonate in water solution for 
2.5h at S'C and 200 KGy gave exchangers having graft rate 170%, sulfone content 2.0 
meq/g and cariDoxy content 3.0 meq/g. The cellulose based fibrous ion-exchangers 
loaded with insoluble ferrocyanide have large ion-exchange capacity and are useful as 
collectors for radioactive nuclides and heavy metals [224-226]. They also show good Cs 
ion trapping ability. Fibrous ion-exchangers are used for solidification of radioactive 
wastes [227], water purification [228,229], manufacture of fabrics capable of removing 
ionic substances [230], removal of chromium trioxide [231] frorf^  waste gases, effective 
removal of [232] mercury from wastes water with 84.2 - 100% efficiency, removal of 
heavy metal ions from water [233] like Cu, Pd, Zn, Fe, Cd, Co, Ni, Ag, Cr and Mn. PAN-
PEA and carbon fibres were effective in their removal from waste water, removal of 
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arsenic from chloride media [234], also expected to be useful in the removal of toxic 
gases [235] and cleaning of the environment [236]. 
Fibrous ion-exchangers have also shown useful metallurgical applications. They 
has been used for the recovery of high purity Zinc-oxide from steel making dust [237], for 
the recovery of nonfen-ous metals [238], like Cu and Ni were removed from simulated 
and real mine water and for the recovery of gold cyanide. Kotze [239, 240] synthesized 
fibrous ion-exchangers using polypropylene stapel as a cheap, stable and robust base. 
Styrene was graft copolymerized onto polypropylene fibres as a starting point. Various 
anionic groups were then fixed on this material to find the most effective ion-exchanger 
for the selective recovery of gold in the presence of other metal cyanides. The gold 
loading capacities and selectivities of functionalized fibres v\nth strong base or guanidine 
functional groups compared favourably v/ith a conventional anion-exchange resin. Belfer 
[241] described the gold cyanide adsorption by new fibrous ion-exchanger prepared by 
the amination of sulfochlorinated polyethylene. The fibres, chopped into suitably sized 
pieces, showed very fast adsorption and desorption of gold from mixed cyanide 
solutions. Deventer [242] deals with the competitive adsorption of organic compounds 
and gold cyanide onto ion-exchange fibre and membrane. Loadings of organic 
compounds were measured on gold equilibrated adsorbents and compared to loadings 
on virgin adsorbents. 
In 1998, N. Clemente [243] described a process which allows the transformation 
of residuals and excess of vegetable, herbaceous plants, quickly renewed vegetable in a 
fibrous material having a high content of cellulose, and paper characteristics and directly 
suitable for the production of paper and board without using polluting and toxic chemical 
products. 
Fibrous ion-exchangers are the prospective sorbents for the separation of rare 
earth metals and aerosols [244-246]. They have also high efficiency for the separation of 
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heavy metal ions from aqueous solutions [247,248]. The sorption capacity of the Fiban 
AK-22 [249] for Cu^\ Cd^*, Ni^ * and Co^* was studied as a function of pH and showed 
that the ion-exchanger can be used for quantitative analysis of Cu, Ni and Co in mixture 
as well as for their preparative separations by selective elutions from a chromatographic 
column. Cu-Ni, Ni-Co, Cu-Zn, Zn-Pd and Cu-Ni-Co mixtures were separated by elution 
with stepwise change of the pH. The Cu having the highest complexing constant was 
eluted last from the chromatographic column. Takanobu [250] produced separation 
functional fibres by exposing fibres with a core/sheath stmcture to an ionizing radiation 
and then grafting a polymerizable monomer to the fibres. While the ion-exchange fibre 
by introducing, through radiation-initiated graft polymerization, ion-exchange groups into 
the sheath of each of composite fibres, the core and the sheath of which are composed 
of different kind of high polymer components. The separation functional fibres and the 
ion-exchange fibres are useful in various applications such as the production of pure 
water in electric power, nuclear industries etc. They are also useful in removing harmful 
components from gases, as well as ammonia. 
The fibrous ion-exchangers can also be used in the fomi of filters. The nonwoven 
filtering materials [251,252] are used for removal of hanmful compounds like nitrites, 
nitrates, heavy metals, surfactants, herbicides, oils, free CI, etc. from potable water-
consist of non-woven chemical fibres 10-30, ground ion-exchangers 4-60, activated 
carbon 4-60, acrylate poly-electrolyte of size 2-10, and styrene - acrylate binder 20-40%. 
They can also be used for the removal of ions, acids or alkalis from gases [253-255] and 
for the filtration of liquid aerosols [256, 257]. The fibrous ion-exchange mats are used as 
filters in the continuous ion-exchange process [258]. The filters [259] consist of ion-
exchange fibres of chloromethyl styrene graft polymer quaternary ammonium 
compounds and 4-vinylpyridine graft polymer quaternary ammonium compounds. The 
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filters rapidly and certainly collected micro-organisms floating in air and are suitable for 
use in air conditioning systems. 
Ergozhin [260] synthesized fibrous ion-exchanger, having increased ion-
exchange capacity by treatment of poly-acrylonitrile fibre waste with (1:17) H2SO4 -
Hydroxylamine sulphate mixture and simultaneous neutralization with NaaCOa or alkali 
during heating at 40-50°C Fibrous ion-exchangers with good sorption properties were 
obtained by modifying partially carboxylated acrylic fibres with epichlorohydrin-
polyethylene-polyamine adduct, PAE [261]. The ion-exchange capacity of PAE modified 
fibres with respect to HCI was ~ 53% of the theoretical value. The capacity increased 
from 2.1 to 3.6 mmol/g with increasing modification temperature from 20-1OCC and from 
2.7-4.1 mmol/g with increasing COOH group content from 0.7 to 2.5 mmol/g. The good 
sorption properties can be preserved by drying the fibres at 20°C. 
Zosina [262-263] prepared fibrous porous composites (FPC) with good sound 
proofing properties from polyvinyl alcohol binder and HCHO, in the presence of mineral 
acid catalyst, by filling with 1-3mm polyacrylonitrile fibre wastes from fur substitute 
manufactured nonwoven needle-punched fabrics from recycled wool, polyamide fibres, 
acrylic ion-exchange fibres. Bon'ell [264] prepared fibrous ion-exchangers by introducing 
basic groups (eg. Tertiary amine, imidazoline, tetra-hydro pyrimidine and quaternary 
ammonium groups) onto cross-linked water insoluble polyacrylonitrile fibres. This fibre 
had ion-exchange capacity of 6.3 mm/g. Ivanova [265,266] prepared fibrous ion-
exchanger based on polyacrylonitrile modified with sodium-alkyl-siloxanes. The diffusion 
rate of the siloxane modifiers into the polyacrylonitrile fibres depended on the size and 
nature of the Si-bonded alkyl group in the siloxane. The modification takes place by the 
incorporation of silicon into the polyacrylonitrile fibre structure. This increased the ion-
exchange capacity from 2-5 mmol/g. The continuous manufacture of polyacrylonitrile 
based ion-exchange fibres increased their total exchange capacity and swelling and 
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improved their sorption desorption parameters without deteriorating tenacity, compared 
with batch manufacture [267]. In the continuous process, fibre tow was impregnated with 
an alkaline solution and steamed at a considerable saving of H2O and alkaline agent. 
The fibres in Na* - form were more hydrophilic than Vnose in H* - form. 
Pushpa Bajaj synthesized acrylonitrile-acrylic acids copolymers [268,269] and 
acrylic fibres [270-276] having high tenacity, spinning, chemical and technical 
applications. The acyrlonitrile (AN) is copolymerized with acrylic acid (AA), methacrylic 
acid (MAA) and itaconic acid (lA) by the aqueous suspension method at 40''C with 
ammonium persulfate and sodium metabisulfite as the redox initiator. "C-NMR spectra 
revealed that AN copolymers having - 2 mole % AA have a greater percentage (> 3%) 
of isotactic content than of polyacrylonitrile. Tacticity was also calculated from the IR 
spectra of the polymers using stereospecific absorption bands at 1250 and 1230 cm~\ 
Bajaj also studied the influence of spinning dope additives and spin bath temperature on 
the staictural and physical properties of acrylic fibres [277]. 
Zosina et al. [278] studied the characteristics of modification of polyacrylonitrile 
fibres by metal-aikylsilanolate complexes. They synthesized heat resistant ion-exchange 
fibres by base hydrolysis of as-spun polyacrylonitrile fibres in the presence of Zn [Al-Zn, 
Fe (lll)-Zn, Zr, Sn (IV)] - MeSi(0H)20Na complexes. The most active complex was 
Fe(IM)-Zn complex and the least active was Sn (IV) complex. The initial temperature of 
oxidative thermal degradation of modified fibres increased from 300-335° in the order: 
Sn(IV)=Fe(lll)-Zn<AI-Zn<Zr complex. Sorbents based on polyethylenepolyamine (PEA) 
modified polyacrylonitrile (PAN) fibres [279] are used for concentrating Mo, W, Va, Cr 
and As and for the extraction of these elements from natural and waste water. The 
PAN-PAE sorbents are weakly basic anion-exchangers in OH" and CI" forms. 
Ion-exchange fibres based on polyvinyl alcohol, polyacrylonitrile containing 
COOH group [280] were used for the absorption of insulin. The COOH group 
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dissociation coefficient and absorption - desorption processes depended on the fibre 
nature. The highest stability for Insulin was observed for modified polyacrylonitrile fibre 
sorbents in the Na-salt forms. The absorption of insulin was 1350 mg/g sorbents and the 
desorption of insulin from modified polyacrylonitrile fibre was possible only in alkaline 
buffer solutions. COOH groups containing polyvinylalcohol fibres in the HMorm showed 
high selectivity for adrenaline. Andreeva [281] studied the adsorption of Mo^*, W^, V *^, 
Cr** and As^* on a fibrous exchanger of polyacrylonitrile modified by polyethylene 
polyamine. Cr** becomes most strongly bonded to the exchanger. 
Volf [282] prepared the selective ion-exchange fibres from polyacrylonitrile and 
polyvinyl alcohol fibres for the sorption of precious metals by modification with 
hydroxylamine in the presence of polyethylene - polyamine or by bonding the fibres with 
pyrazole and mercaptobenzothiazole. The fibrous sorbents form stable complexes with 
Ag, Au, Pd, Pt and Rh, showing different sorption activities for Pt - group metals. The 
dependence of the sorption of Pt group metals and Au on the concentration of HCI at 
constant temperature and nature of sorbent based on acrylic and polyvinylalcohol fibres 
were determined. 
A polystyrene based ion-exchange fibre which has a large ion-exchange capacity 
and a high mechanical strength was first prepared by Yoshioka [283-287] by using an 
islands-in-a-sea type composite fibre. The sea ingredient pre-dominantly comparised of 
polystyrene for ion-exchange and the island ingredients comparised of fibres forming 
polypropylene for reinforcement, as the starting material. It was found that the resulting 
fibre has two fundamental characteristics; the ion-exchange rate for metal ion is 
extremely high and the capacity of adsorbing the macromolecular ionic substances is 
exceedingly large compared with ordinary ion-exchange resins. 
A systematic investigation on the synthesis of insoluble crystalline acid salts of 
tetravalent metals has facilitated the preparation of several new crystalline fibrous 
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inorganic ion-exchangers. The first fibrous acid salt of a tetravalent metal was cerium 
(IV) phosphate prepared by Alberti et al. [39,288]. Subsequently, fibrous thorium 
phosphate [120,289] titanium phosphate [102,290] and titanium arsenate were obtained. 
Fibrous inorganic ion-exchangers are very interesting from a practical point of view 
because they can be used to prepare inorganic ion-exchange papers or thin layers, 
suitable for chromatographic cation separations and ion-exchange membranes without a 
binder [291,292] with good electro-chemical behaviour [293]. Owing to their high 
selectivity and stability these membranes have applications as selective electrodes, 
where organic membranes fail. They can be successfully employed in fuel cells at high 
temperatures or in the concentration of wastes containing fission products. 
A very interesting property of fibrous cerium phosphate is the tendency to give 
flexible sheets similar to cellulose paper [294]. These support free sheets has been 
found to be highly selective for certain cations, such as Pb(ll), Ag(l), Tl(l) and K(l). They 
shows at low loading, a maximum uptake for Cs (I) among the alkali metals and for 
Ba(ll) among the alkaline earths. On increasing the loading a reversal in the selectivity is 
observed. The inorganic papers of thorium phosphate can be easily prepared and these 
papers compare favourably with those of cerium phosphate as regards stability to strong 
reducing agents. This property may be important in chromatographic separation where 
reducing agents are often used as eluants or spot test reagents. 
Despite the many hundreds of publications, important chemical problems 
conceming preparation of the ion-exchange fibres and physical chemistry of the 
processes involved have not been studied as thoroughly as for granular ion-exchangers. 
Very little studies have been made on the properties of fibrous ion-exchangers, 
particulariy on their mechanical and textile properties. The problem in the synthesis of 
fibrous ion-exchangers has been a compromisingly high ion-exchange capacity and their 
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mechanical properties (tensile strength and elasticity). An increase in ion-exchange 
capacity always leads to a decrease in their mechanical and tensile characteristics. 
There have been many investigations regarding the method of preparing fibrous 
ion-exchangers, which has a large surface area per unit of weight and can be used in an 
arbitrary form [295-297]. These characteristics, however, have scarcely been studied 
because it is difficult to prepare ion-exchange fibre which satisfies the following 
indispensable conditions: 
(1) The ionic group and the basic polymer should be chemically stable. 
(2) The ion-exchange capacity should be large enough. 
(3) The mechanical strength should be sufficiently high. 
Since it is clear from the above, the fibrous materials have a great promise in the 
development of the new tiechnology useful for the environmental chemists for the 
separation/removal of harmful ionic impurities from aqueous and gaseous media, it was 
thought worthv\^ile to investigate further the possibility of synthesizing fibrous materials 
which may be good ion-exchangers also. In view of this attempts have been made in 
these laboratories to obtain fibrous ion-exchangers having inorganic matrices to make 
them of greater use for selective removal of ionic impurities at high temperatures and 
under strong radiations. 
We tried to produce fibers of the organic-inorganic ion-exchangers prepared 
during these studies by the various spinning methods available at present. However, we 
could not succeed because of the insoluble inorganic substance of high melting point 
(metal oxides) being present in the material. Thus, the present studies have been 
concentrated only on preparing the granules of these materials suitable for column use 
or preparing their membranes useful for analytical separations. In the following chapters 
the synthesis, ion-exchange behaviour and characterization of acrylonitriie and styrene 
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based cerium (IV) and thorium (IV) phosphates have been described. The kinetic and 
themnodynamic studies have also been made by taking acrylonitrile based cerium (IV) 
phosphate as a sample material, which points to the possible mechanism of the ion-
exchange processes occumng on the suri'ace of the material. Their utility in metal 
separations of industrial and analytical importance has also been explored successfully 
by achieving a large number of metal ion separations. 
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2.1 INTRODUCTION 
Copolymers of hydrophobic monomers like acrylonitrile and styrene are the 
products of commercial interest due to their applications in binders, thickeners, etc. 
Acrylonitrile based copolymers are widely used in the production of acrylic fibres [1,2]. 
As the cerium and thorium phosphates, prepared by Alberti et a/, suffer from poor 
mechanical strength, suitable comonomers are, therefore, incorporated into the material 
to overcome this shortcoming. Acrylonitrile not only improves the mechanical strength 
but also the hygroscopicity of the material. It also helps in the cyclization of the nitrile 
group to form a ladder structure [3]. The following pages summarize the synthesis, ion 
exchange behaviour and analytical applications of acrylonitrile based cerium (IV) and 
thorium (IV) phosphates as fibrous materials. 
SI 
2.2 EXPERIMENTAL 
2.2.1 REAGENTS AND CHEMICALS 
Ceric sulphate [Ce(S04)2.4H201, thorium nitrate [Th(N03)4.5H201 and acrylonitrile 
(CH2CHCN) were the CDH (India) products while orthophosphoric acid (H3PO4) was a 
Qualigens (India) product. All other reagents and chemicals were of AnalaR grade. 
2.2.2 PREPARATION OF THE REAGENT SOLUTIONS 
Solutions of ceric sulphate and thorium nitrate were prepared in 0.5 M H2SO4 and 
1M HNO3 respectively, while those of acrylonitrile were prepared in ethanol. The 
solutions (2M and 6M) of orthophosphoric acid were prepared in demineralized water. 
2.2.3 SYNTHESIS OF THE ION-EXCHANGE MATERIALS 
2.2.3.1 SYNTHESIS OF ACRYLONITRILE BASED CERIUM (IV) 
PHOSPHATE (ANCeP) 
A number of samples were prepared by adding dropwise a liter of a 0.05M 
solution containing 49.98 mmoles of Ce(S04)2.4H20 to a mixture of 1 liter 6M H3PO4 and 
1 liter of alcoholic solution of acrylonitrile containing its 7.6 to 1518.0 mmoles. Stirring 
was done during mixing, using a magnetic stirrer at a temperature of 70±5''C. The 
resulting slurry was stin-ed for 4h at this temperature, filtered, and washed free of 
sulphate ions with demineralized water (pH~4). Finally, it was dried at room temperature, 
resulting into a sheet, crushed into small pieces and converted into the H*-form by 
treating with 1M HNO3 for 24h with occasional shaking, and intermittently replacing the 
supernatant liquid with fresh acid. The material thus obtained was then washed with 
demineralized water to remove the excess acid before drying finally at 45°C, and sieved 
to obtain particles of 50-70 mesh size. Table 2.1 summarizes the synthesis of various 
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samples of the material. Since the sample ANCeP-4 shows the maximum ion-exchange 
capacity, it was selected for further studies. 
2.2.3.2 SYNTHESIS OF ACRYLONITRILE BASED THORIUM (IV) 
PHOSPHATE (ANThP) 
A number of samples were prepared by adding dropwise a liter of a 0.1 M solution 
containing 100 mmoles of Th(N03)4.5H20 to a mixture of 1 liter 2M H3PO4 and 1 liter of 
alcoholic solution of acrylonitrtle containing its 7.6 to 1518.0 mmoles. Stirring was done 
during mixing, using a magnetic stirrer at a temperature of SOtS^C. The resulting slurry 
was stirred for 5h at this temperature, filtered and washed with demlneralized water (pH 
~ 4). On drying at 15-20°C it resulted into a sheet which was crushed into small pieces 
and converted into the H* - fomri by treating with 1M HNO3 for 24h with occasional 
shaking, and intermittently replacing the supematant liquid with fresh acid. The material 
thus obtained was then washed with demlneralized water to remove the excess acid 
before drying finally at 45°C and sieved to obtain particles of 50-70 mesh size. Table 2.2 
summarizes the synthesis of various samples of the material. Since the sample ANThP-
4 shows the maximum ion-exchange capacity, it was selected for further studies. 
2.2.4 CHEMICAL AND PHYSICO-CHEMICAL STUDIES OF THE 
ION-EXCHANGE MATERIALS 
2.2.4.1 ION-EXCHANGE CAPACITY 
The ion-exchange capacities (i.e.c.) of the samples were determined as usual by 
the column process taking 1g of the material (H*-fomi) in a glass tube of intemal 
diameter ~1cm, fitted with glass wool at its bottom. 250ml of 1M NaNGs solution was 
used as eluant, maintaining a very slow flow rate (~0.5ml min"^ ). The effluent was titrated 
against a standard alkali solution to detemiine the total H"^  ions released. 
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Table 2.1 Synthesis of various samples of acrylonltrile based cerlum(IV) phosphate. 
Sample 
No. 
ANCeP-1 
ANCeP-2 
ANCeP-3 
ANCeP-4 
ANCeP-5 
ANCeP-6 
ANCeP-7 
ANCeP-8 
ANCeP-9 
ANCeP-10 
ANCeP-11 
ANCeP-12 
ANCeP-13 
ANCeP-14 
mmoies of 
acrylonltri le /1000ml 
7.6 
15.0 
30.0 
76.0 
152.0 
304.0 
455.0 
607.0 
759.0 
911.0 
1060.0 
1214.0 
1366.0 
1518.0 
Na*-ion exchange 
capacity (meq/dryg) 
2.00 
2.05 
2.08 
2.86 
1.98 
1.90 
1.80 
1.75 
1.60 
1.55 
1.49 
1.20 
1.00 
0.80 
Table 2.2 Synthesis of various samples of acrylonltrile based thorium(IV) 
phosphate. 
Sample 
No. 
ANThP-1 
ANThP-2 
ANThP-3 
ANThP-4 
ANThP-5 
ANThP-6 
ANThP-7 
ANThP-8 
ANThP-9 
ANThP-10 
ANThP-11 
ANThP-12 
ANThP-13 
ANThP-14 
mmoies of 
acrylonltri le /1000ml 
7.6 
15.0 
30.0 
76.0 
152.0 
304.0 
455.0 
607.0 
759.0 
911.0 
1060.0 
1214.0 
1366.0 
1518.0 
Na*-ion exchange 
capacity (meq/dryg) 
2.95 
3.08 
3.16 
3.90 
2.85 
2.60 
2.39 
2.00 
1.86 
1.72 
1.55 
1.20 
1.02 
0.75 
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2.2.4.2 ELUTION BEHAVIOUR 
The extent of elution was found to depend upon the concentration of the eluant. 
Hence a fixed volume (250ml) of the NaNOa solution of varying concentrations was 
passed through the column containing 1g of the exchanger and the effluent was titrated 
against a standard alkali solution for the H* ions eluted out. 
The optimum concentration of the eluant for a complete elution of H* ions in 
250ml NaNOs solution was found to be 1M. A similar column containing 1g exchanger 
was then eluted with a NaNOa solution of 1M concentration in different 10ml fractions 
with a minimum flow rate as described above. This experiment was conducted to find out 
the minimum volume necessary for a complete elution of H* ions, which reflects the 
efficiency of the column. 
2.2.4.3 THERMAL STUDIES 
1g samples of the material were heated at various temperatures for 1h each in a 
muffle fumace and their ion-exchange capacity was detemiined by the column process 
after cooling to room temperature. The TGA/DTG analysis was carried out using a Cahn 
Thermobalance, model 2050. 
The value of external water molecules "n" can be calculated using Alberti's 
equation [4] 
^Q^_X(M + 18n) 
100 
where X is the percent weight loss and (M+18n) is the molecular weight of the 
exchanger. 
2.2.4.4 COMPOSITION 
For ANCeP 250mg of the sample was dissolved in 25ml of 4M H2SO4 solution 
while for ANThP 250mg of the sample was dissolved in 2M H2SO4 solution. Cerium (IV) 
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and thorium (IV) were determined by atomic absorption spectrophotometer, Shimadzu 
model AA-640 while phosphate was determined spectrophotometrically by the 
phosphovanado molybdate method [5] using a UV VIS Spectrophotometer, Elico model 
SL151, as follows: 
To the 10ml sample solution, taken in a 100ml volumetric flask, were added 50ml 
of demineralized water, 10ml of ammonium vanadate solution (1.25g ammonium 
vanadate dissolved in 250ml DMW + 20ml concentrated HNO3, diluted to 500ml) and 
10ml ammonium molybdate solution (12.5g ammonium molybdate dissolved in 250ml 
DMW). It was then diluted up to the mari( before taking its absorbance at 460nm against 
a reagent blank prepared in the same manner. 
2.2.4.5 ELEMENTAL ANALYSIS 
Elemental analysis was carried out using a Cario-Erba 1106 elemental analyser 
to determine the carbon, hydrogen and nitrogen contents only of the sample 
2.2.4.6 CHEMICAL STABILITY 
For ANCeP and ANThP different 250mg portions of the material were kept in 
25ml of the various mineral acids, bases and salt solutions of different concentrations for 
24h each, with intermittent shaking. The supernatant liquid was analysed for the cerium 
.A '^ na 
/v. ' 
(IV), thorium(IV) and phosphate contents by the methods mentioned a lw^^ ' 
j^-f . . 
2.2.4.7 pH TITRATIONS x'} '''!^^^574 > 
pH titrations were perfomied by the Topp and Pepper's metho"&|S) uj^gian^lico 
pH meter, model LI-10. Various 500mg portions of the exchanger in H*-fonn were placed 
in each of the several 250ml conical flasks containing equimolar solutions of alkali metal 
chlorides and their hydroxides in different volume ratios, tiie total volume being kept at 
50 ml to maintain the ionic strength constant. The pH of the solution was recorded after 
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keeping the mixture at room temperature for six days to attain equilibrium. It was plotted 
against the milli-equivalents of OH' ions added. 
2.2.4.8 INFRARED SPECTROSCOPIC STUDIES 
The IR studies were carried out by the KBr disc method using model 
Nicolet 5 DX. 
2.2.4.9 SCANNING ELECTRON MICROSCOPIC STUDIES 
Scanning electron microscope, model JEOL JSM 840, SM was used for 
SEM studies. 
2.2.4.10 X- RAY DIFFRACTION STUDIES 
X-ray diffraction studies were made on a Philips, X-ray diffractometer, model 
PW1710. 
2.2.4.11 DISTRIBUTION STUDIES 
200mg of the exchanger in H*-fomi were kept in 20ml of the solvent for 24h, with 
intermittent shaking to attain equilibrium. The initial metal ion concentration was so 
adjusted that it did not exceed 3% of the total ion-exchange capacity of the material. The 
metal ions in the solution before and after equilibrium were determined by EDTA titration 
[7] and the distribution coefficients, Kd were calculated by the formula: 
K-d=-=-—(mlg ) 
F M 
where I and F are the initial and final amounts of the metal ion in the solution 
phase, V the volume (ml) of the solution, and M the amount (g) of the exchanger. 
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2.2.4.12 SEPARATIONS ACHIEVED 
Several binary separations were tried using a column of i.d. ~0.6cm containing 
2g of the material. The column was washed thoroughly with demineralized water and the 
mixture to be separated was loaded on it, maintaining a flow rate of ~2-3 drops min"^  
(0.15 ml min'^ ). The separation was achieved by passing a suitable solvent through the 
column as eluant. The metal ions in the effluent were determined quantitatively by EDTA 
titrations. 
58 
2.3 RESULTS AND DISCUSSIONS 
The most important feature of the materials prepared in these studies has been 
their exceedingly high ion-exchange capacity for Na* ions. The ion-exchange capacity 
obtained for ANCeP was found to be 2.86 meq/dry g, while for ANThP it is 3.90 meq/dry 
g, which is much higher than the i.e.c generally shown (1-2 meq/dry g) by the inorganic 
ion-exchangers reported so far [8-10]. Table 2.3 shows the i.e.c of the materials for 
various metal ions and Fig. 2.1 indicates the maximum ion-exchange capacity of the 
materials when 76 mmoles of acrylonitrile were added to a 1:1 VA/ mixture of 6M H3PO4 
& 0.05M Ce(S04)2.4H20 in case of ANCeP and 2M H3PO4 & 0.1M Th(N03)4.5H20 in 
case of ANThP. Further the materials were obtained in the form of a sheet. The SEM of 
the materials show their fibrous structure (Fig. 2.2(a,b)). 
As it is clear from Table 2.4 their chemical stability is also high. They can 
withstand the effect of acids and bases to a great extent. Inorganic ion exchange papers 
of ANThP can be easily prepared and these papers compare favourably with those of 
ANCeP as regards to their stability with strong reducing agents. This property is 
important in chromatographic separations where reducing agents are often used as 
eluants or spot-test reagents. 
The drying temperature was found to be an important feature in the synthesis of 
ANThP. The material was obtained in the form of ion exchange paper when dried at 
15±5°C (keeping in refrigerator). It was stable even upto 200°C. The product dried at 
room temperature, however was not stable and was found to melt on standing. It is a 
unique feature of this material. ANCeP is different in this regard. It was found to be quite 
stable when dried at room temperature. 
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Table 2.3 Ion-exchange capacity of acrylonltrile based cerium(l\/) and thoriumOV) 
phosphates for various metal solutions. 
Metal 
Solution 
LiCI 
NaNOa 
KCI 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
BaClz 
Ion-exchange capacity 
of ANCeP (meq/dry g) 
2.56 
2.86 
2.15 
3.05 
4.00 
3.10 
2.76 
Ion-exchange capacity 
of ANThP (meq/dry g) 
1.30 
3.90 
1.66 
2.60 
2.94 
3.95 
4.19 
Table 2.4 Chemical stability of acrylonltrile based cerium(IV) and thorium(IV) 
phosphates in various acid, alkali and salt solutions 
Solvent 
(25ml) 
1M HCI 
2M HCI 
4M HCI 
1M HNO3 
2M HNO3 
4M HNO3 
1M H2SO4 
2M H2SO4 
4M H2SO4 
2M NaN03 
2M KNO3 
0.1M NaOH 
0.05M NaOH 
0.1M KOH 
0.1M NH4OH 
0.5M NH4OH 
Amount dissolved (mg) 
(ANCeP) 
Cerium 
0.287 
0.300 
0.325 
0.180 
0.265 
0.550 
0.600 
0.650 
Dissolved 
0.033 
0.350 
0.135 
0.157 
0.103 
0.213 
0.113 
Phosphate 
0.275 
0.475 
0.625 
0.575 
0.675 
0.750 
0.800 
0.850 
Dissolved 
0.500 
0.575 
0.700 
0.675 
0.675 
0.700 
0.675 
Amount di ssolved (mg) 
(ANThP) 
Thorium 
1.675 
2.350 
3.225 
2.975 
3.475 
3.850 
1.850 
Dissolved 
-
3.775 
2.475 
4.225 
3.775 
4.250 
2.350 
4.000 
Phosphate 
2.350 
3.525 
2.125 
1.875 
2.350 
3.125 
2.475 
Dissolved 
-
1.800 
1.350 
1.300 
3.850 
4.100 
3.500 
4.025 
60 
4.0 
200 AOO 600 800 1000 1200 
mmoles of aciylonitrile added 
1400 1600 
Fig. 2.1 Effect of millimoles added of acrylonitrile on the i.e.c of :-
(a) acrylonitrile based cerium(l\^ phosphate. 
(b) acrylonitrile based thorium(IV) phosphate. 
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(a) 
(b) 
Fig. 2.2 The electron micrograph of :-
(a) acryionitriie based cerium(IV) phosphate. 
(b) acryionitriie based thorium(IV) phosphate. 
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However, the thermal stability of the materials appear to be less than the normal 
inorganic ion-exchangers. ANCeP retains 98% of its i.e.c when heated up to lOCC while 
only 13.98% when heated upto 200°C.These values are 97.44% and 51.29% 
respectively for ANThP (Table 2.5). It indicates that ANThP is more stable thermally than 
ANCeP. 
The material possesses a promising mechanical strength, which may be due to 
the presence of organic polymeric species. Their sheet structure show that ANThP is 
mechanically more stable than ANCeP. 
The elution behaviour (Fig. 2.3 (a,b)) of ANCeP and ANThP was almost similar. 
The exchange is quite fast and almost all the H* ions are eluted out in the first 180ml of 
the effluent from a column of 1 .Og exchanger. The optimum concentration of the eluant 
was found to be 1M (Fig. 2.4) for a complete removal of H* ions from the above column. 
Moreover the exchange takes place in one step as indicated by the pH titration curves of 
ANCeP and ANThP obtained under equilibrium conditions (Fig. 2.5(a,b)) for LiOH/LiCI, 
NaOH/NaCI and KOH/KCI exchanges. The system contains phosphate as the ionogenic 
group, the corresponding acid of which, i.e. phosphoric acid, has three pK, values as 
2.12, 7.21 and 12.30. Thus, it is evident that the first ionization of this acid is much faster 
as compared to the other two, pointing to the fact that for all practical purposes, the 
release of H^  ions might have taken place in only one step. In this regard these materials 
are similar to the heavy metal arsenates prepared earlier as ion-exchangers [11,12]. The 
three pKa values for arsenic acid are 2.25, 6.77 and 11.60 respectively. A fast release of 
the H* ions in aqueous media is also supported by the low pH (~2) of the salt solution 
with which the material is kept in contact for some time. It shows a strong cation 
exchange behaviour of the materials. The adsorption behaviour for alkali metals was 
observed to be in the order KO) > Na(l) > U(l) in acidic media, n is reversed to U (l)> 
Na(l)>K(l) in the basic media. 
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Table 2.5 Thermal stability of acrylonitrile based cerium(lV) and thorium(IV) 
phosphates after heating to various temperatures for 1 h. 
Drying 
temperature 
(•C) 
ANCeP 
45 
100 
200 
400 
600 
ANThP 
45 
100 
200 
400 
600 
Na* ion-exchange 
capacity 
(meq/dry g) 
2.86 
2.82 
0.40 
0.20 
0.10 
3.90 
3.80 
2.00 
0.95 
0.48 
Change in colour 
Very light yellow 
Very light yellow 
Brown 
Cream 
Cream 
White 
White 
Light grey 
Light grey 
Cream 
% Retention 
of i.e.c. 
100.00 
98.60 
13.98 
7.00 
3.50 
100.00 
97.44 
51.29 
24.36 
12.30 
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Fig. 2.3 Histograms showing tlie elution behaviour of: 
(a) acrylonitriie based cerium(IV) phosphate. 
(b) acrylonitriie based thorium(l\/) phosphate. 
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Fig. 2.4 Concentration plots of :-
(a) acrylonitrile based ceriunn(IV) phosphate. 
(b) acrylonitriie based thorium(!V) phosphate. 
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Fig. 2.5 Equilibrium pH titration curves of :-
(a) acrylonitrile based cerium(l\/) phosphate. 
(b) acrylonitrile based thorium(IV) phosphate. 
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On the basis of their chemical analysis (Table 2.6), the molar composition of 
Ce(IV):P04 :^CH2CHCN in the ANCeP and Th(IV):P04^CH2CHCN in the ANThP were 
found to be 1:3:3 and 1:2:3 respectively, suggesting the following fonnulae: 
[(Ce02)(H3P04)3(CH2CHCN)3]. nH20 
[(Th02)(H3P04)2(CH2CHCN)3]. nH20 
The TGA/DTG curves (Fig. 2.6 (a,b)) show a 16% weight loss upto ~ 127°C, in 
ANCeP while 6% weight loss upto ~100°C in ANThP. It may be due to the removal of 
external vrater molecules "n" from the exchanger. The value of "n" was found to be - 6.6 
& 2.2 for ANCeP and ANThP respectively using Alberti's equation. In case of ANCeP, 
beyond 127°C, the condensation of the material must have started, resulting in the 
dehydration due to the removal of the strongly coordinated H2O molecules from the 
framework of the exchanger. It continues upto 497°C when the weight becomes almost 
constant. It also involves the production of Ce02 at 450°C [13]. In case of ANThP on 
heating the material further, more water molecules are removed and around 220''C this 
amount is ~ 11.2% indicating the start of condensation process. Beyond this 
temperature there is an abmpt change in the course of the curve and the retained water 
is slowly eliminated upto 380°C at which temperature the thorium oxide (Th02) horizontal 
starts [14]. The horizontal portion after 540°C indicates the formation of pyrophosphate 
[14]. 
The Infrared spectrum of the materials (Fig. 2.7(a,b)) confirms the presence of 
various absorption bands at their con-esponding wavelengths [15]. They are summarized 
in Table 2.7. 
The X-ray diffraction pattern of ANCeP (Fig. 2.8(a)) Indicates its pooriy crystalline 
character while that of ANThP (Fig. 2.8(b)) shows its microcrystalline behaviour. Due to 
this a detailed mechanism of the ion-exchange behaviour can not be given at this stage, 
which correlate the metal ion diameter with the cavity size of the material. Table 2.8 
summarizes the X-ray diffraction data of ANCeP and ANThP. 
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Table 2.6 Composition of acrylonitrile based cerium(IV) and thorium(l\/) 
piiosphates. 
Material 
ANCeP 
ANThP 
Weight of the 
material (mg) 
250 
250 
Millimoles of the components 
Ce(IV) po^- C H N 
0.368 1.19 0.64 1.0 0.24 
Th(IV) po^- C H N 
0.862 1.702 1.0 1.74 0.33 
Mole ratio 
(Ce:PO^:AN) 
1 : 3 : 3 
(Th:PC|-:AN 
1 : 2 : 3 
Table 2.7 infrared absorption bands of acrylonitrile based cerium(IV) and 
thorium(IV) phosphates. 
Absorption bands 
Metal-Oxides & Metal-Hydroxides 
Phosphate group 
Water of crystallization 
R-C 3 N group 
Methylene group 
Wavelength (cm"*) 
ANCeP 
618.46 
501 & 1060 
1633.57 & 3427.34 
2362.91 
2926.11 
ANThP 
626.00 
512 & 1071 
1635 & 3467 
2364.00 
2910.00 
Table 2.8 X-ray diffraction data of 
phosphates. 
acrylonitrile based cerium(IV) and thorium(IV) 
SI. 
No. 
A N C e P 
1 
2 
3 
4 
5 
6 
7 
ANThP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
Angle 
(ze") 
14.435 
22.325 
30.145 
39.695 
55.775 
64.890 
73.885 
10.17 
13.17 
22.34 
25.52 
28.57 
28.90 
38.06 
43.49 
48.79 
51.43 
53.91 
53.95 
59.03 
62.99 
64.59 
d-Value 
(A) 
7.7049 
5.0003 
3.7226 
2.8512 
2.0696 
1.8044 
1.6106 
8.690 
6.716 
3.976 
3.487 
3.121 
3.086 
2.362 
2.079 
1.864 
1.775 
1.699 
1.698 
1.563 
1.474 
1.441 
Peak w id th 
(29°) 
0.240 
0.320 
0.120 
0.240 
0.320 
0.060 
0.120 
0.188 
0.143 
0.128 
0.143 
0.143 
0.128 
0.188 
0.133 
0.308 
0.158 
0.128 
0.293 
0.203 
0.203 
0.173 
Peak int 
(counts) 
9 
6 
8 
7 
2 
973 
4 
88 
94 
83 
77 
94 
100 
88 
83 
94 
77 
83 
94 
77 
88 
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Rel. int. 
(%) 
0.9 
0.6 
0.9 
0.7 
0.2 
100.0 
0.4 
16 
17 
15 
14 
17 
18 
16 
15 
17 
14 
15 
17 
14 
16 
12 
70 
Temperature(°C) 
Temperature(°C) 
Fig, 2.6 TGA and DTG curves of :-
(a) acrylonitrile based cerium{l\/) phosphate. 
(b) acrylonitrile based thorium(l\/) phosphate. 
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The distribution behaviour of the metal ions (Table 2.9) shows a high selectivity 
of the ANCeP for Hg(ll). ANThP has been found to be highly selective for Pb{ll) ions. It 
indicates their importance in environmental studies. It was demonstrated by practically 
achieving some binary separations involving Hg(ll) and Pb(ll) respectively. For example 
on ANCeP columns, the possible separations are: Hg(il)-Mg(ll), Hg(ll)-Pb(ll), Hg(ll)-
Zn(ll), Hg(ll)-Cd(ll), Pb(ll)-Cd(ll) and Zn(ll)-Cd(ll), as shown in Fig. 2.9(a) while on 
ANThP columns. Pb(ll) has been separated from Cd(ll) and Zn(ll) (Fig 2.9(b)). Also, the 
binary separations of Zn(ll)-Cd(ll) and Hg(ll)-Zn(ll) were achieved with a reasonably low 
% error, emphasizing the above fact. The results shovwi in Table 2.10 were found to be 
quite precise and reproducible. 
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Table 2.9 Kd values of metal ions on acrylonitrile based cerium(IV) and thorium(IV) 
phosphates in DMW, perchloric acid, nitric add and hydrochloric acid 
media. 
Metal 
I o n s 
A N C e P 
Mg(ll) 
Ca( l l ) 
Sr(l l ) 
Ba( l l ) 
Pb{ll) 
Mn(ll) 
Ccl(ll) 
Cu(l l) 
Fe( l l l ) 
Al(l l l ) 
Co(M) 
Hg(ii) 
Ni(ll) 
Zn(ll) 
Cr(lll) 
A N T h P 
Mg(ll) 
Ca(l() 
Sr(l l) 
Ba(l l ) 
Pb(l l ) 
Mn(ll} 
Cd(ll) 
Cu(l l) 
Fe{l l l ) 
Al(lll) 
Co(l l ) 
Hg(ll) 
Ni(ll) 
Zn(ll) 
Cr(lll) 
DMW 
83.33 
ISO.O 
233.33 
50.0 
100.0 
225.0 
33.33 
100.0 
20.0 
1400.0 
233.33 
300.0 
100.0 
66.66 
92.0 
83.33 
150.0 
75.0 
100.0 
800.0 
83.33 
100.0 
80.0 
200.0 
100.0 
150.0 
500.0 
75.0 
50.0 
100.0 
0 .01 M 
83.33 
150.0 
66.66 
100.0 
66.66 
225.0 
300.0 
100.0 
200.0 
650.0 
66.66 
300.0 
66.66 
42.85 
21.62 
150.0 
83.33 
50.0 
166.66 
100.0 
50.0 
75.0 
60.0 
25.0 
125.0 
66.66 
50.0 
1100.0 
900.0 
700.0 
HCIO4 
0.1 M 
37.50 
42.85 
42.85 
50.0 
42.85 
85.71 
60.0 
60.0 
50.0 
200.0 
42.85 
300.0 
66.66 
25.0 
25.0 
100.0 
57.14 
33.33 
100.0 
75.0 
50.0 
66.66 
37.50 
33.33 
100.0 
66.66 
50.0 
100.0 
50.0 
35.30 
1 M 
16.66 
25.0 
11.0 
20.0 
25.0 
62.50 
14.28 
14.28 
20.0 
87.50 
25.0 
300.0 
25.0 
11.11 
21.62 
166.66 
80.00 
66.66 
900.00 
700.00 
200.00 
125.00 
42.86 
33.33 
28.56 
25.00 
10.00 
33 .33 
32 .14 
11.28 
0 .01 M 
83.33 
150.0 
100.0 
200.0 
233 .33 
333.33 
100.0 
116.66 
500.0 
87.50 
150.0 
300.0 
66.66 
66 .66 
33 .33 
125.0 
100.0 
50.0 
100.0 
37.50 
33 .33 
80.0 
66 .66 
37 .50 
50.0 
42.85 
37.5 
1100.0 
900.0 
700.0 
HNOs 
0 .1 M 
37.50 
66.66 
25.0 
50.0 
150.0 
85.71 
33.33 
100.0 
200.0 
36.36 
100.0 
300.0 
42.85 
25.0 
28.59 
50.0 
25.00 
22.22 
125.0 
100.0 
83 .33 
100.0 
50.0 
25.0 
300.0 
150.0 
60.0 
233 .33 
200.0 
83.33 
1 M 
10.0 
11.11 
11.11 
20.0 
66 .66 
30.0 
14.28 
60.0 
50.0 
25.0 
66.66 
300.0 
11.11 
II .11 
25.0 
166.66 
50.0 
42.85 
166.66 
133.33 
60 .0 
100.0 
42.86 
30.0 
40.0 
14.26 
11.11 
52 .33 
32.0 
13.33 
0 . 0 1 M 
175.0 
150.0 
150.0 
200 .0 
150.0 
160.0 
116.66 
60 .00 
500.0 
1400.0 
150.0 
300.0 
100.0 
25.0 
28 .70 
66 .66 
33.33 
30.0 
100.0 
66 .66 
33 .33 
60.0 
42.85 
33 .33 
75.0 
60.0 
28 .57 
1100.0 
900.0 
700 .0 
HCI 
0 .1 M 
120.0 
66.66 
66.66 
100.0 
100.0 
116.66 
100.0 
33 .33 
100.0 
650 .0 
42.85 
300.0 
66.66 
11.11 
28.57 
100.0 
42.85 
37 .50 
100.0 
75.0 
60 .0 
80.0 
42.85 
37 .50 
200 .0 
100.0 
40.0 
100.0 
66 .66 
50.0 
1 M 
37.50 
25.0 
25.0 
50.0 
66.66 
85.71 
33.33 
14.28 
50.0 
200.0 
25.0 
300.0 
25.0 
II .11 
18.40 
200.0 
83.33 
50.0 
200.0 
100.0 
100.0 
80.0 
57.14 
44.44 
50.0 
22.22 
20.0 
34.54 
26.0 
17.65 
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Table 2.10 Binary separations of metal ions achieved on acrylonitrile based 
cerium(IV) and thorium(IV) phosphates column. 
SI. 
No. 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
Separat ion 
achieved 
Ml Mz 
Mg( l l ) -Hg( l l ) 
Pb( l l ) -Hg{ l l ) 
Zn(( l ) -Hg( l l ) 
Pb( l l ) -Cd{ l l ) 
Zn( l l ) -Cd( l l ) 
Cd( l l ) -Hg( l l ) 
Cd( l l ) -Pb( l l ) 
Zn ( l l ) -Pb ( l l ) 
Cd( l l ) -Zn( l l ) 
Zn( ( l ) -Hg( l l ) 
Amount 
loaded (fig) 
M, M j 
425.25 
3833.2 
817.12 
3833.2 
849.81 
1095.9 
3500.0 
3500.0 
3500.0 
1067.8 
1067.8 
3500.0 
1910.8 
1356.4 
1910.8 
1356.4 
3729.6 
3729.6 
1356.4 
3710.9 
Amount 
found(( ig) 
Ml M j 
ANCeP 
413.1 
3781.4 
817.12 
3729.6 
849.81 
1095.9 
3300.0 
3600.0 
3450.0 
1067.8 
1095.9 
3400.0 
ANThP 
1910.8 
1340.1 
1854.6 
1307.4 
3626.0 
3729.6 
1372.7 
3761.1 
Error 
(%) 
M l 
-2.85 
-1.35 
0.00 
-2.70 
0.00 
0.00 
0.00 
-1.20 
-2.90 
-3.60 
M, 
-5.70 
+2.28 
-1.40 
0.00 
+2.63 
-2.85 
2.77 
0.00 
1.20 
1.35 
Eiuant 
used 
Mg:0.01 M HOI 
Hg: 1 M NH4CI 
+ 1 M HCI 
Pb:0.1 M HCIO4 
Hg:1 M NH4CI 
+ 1 M HCI 
Zn:0.01 M HCIO4 
Hg:1 M NH4CI 
+ 1 M HCI 
PbrO.I M HCIO4 
Cd:1 M HNO3 
Zn:0.01 M HCIO4 
Cd:1 M HNO3 
Cd:1 M HNO} 
Hg:1 M NH4CI 
+ 1 M HCI 
Cd:0.01 M HNO3 
Pb: 1 M HCIO4 
Z n : 0.01 M HCIO4 
Pb: 1 M HCIO4 
CdrO.OI M HNO3 
Zn : 0.01 M HCIO4 
Z n : 0.01 M HCIO4 
Hg:0. 1 M HCI 
Vol . of 
eiuant 
(ml) 
40 
50 
50 
50 
60 
50 
50 
30 
40 
50 
40 
50 
50 
50 
50 
50 
40 
50 
50 
60 
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3.1 INTRODUCTION 
Fibrous inorganic ion excliangers are very interesting Isecause they can be used 
to prepare inorganic ion-exchange papers suitable for chromatographic cation 
separations, or inorganic membranes without a binder [1-3]. Albert! et al. prepared 
cerium and thorium phosphates as the crystalline fibrous material. These materials have 
large ion exchange capacity and are highly stable chemicaWy but they posses poor 
mechanical strength. The purpose of the present studies has been to synthesize ion 
exchange materials possessing good ion exchange capacity and enhanced mechanical 
strength in addition to their better chemical stability. The following pages summarize the 
synthesis, ion-exchange behaviour and analytical applications of styrene based 
cerium(IV) and thorium(IV) phosphates as fibrous materials. 
Styrene was selected to synthesize the polymer based ion-exchangers by 
Yoshioka et al. [4] and it was noticed that these materials satisfy the above mentioned 
properties. They were found industrially important as they could be used in the forms of 
films. Further, styrene has been found suitable for the addition of ionogenic groups 
necessary for the synthesis of an ion-exchangers. 
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3.2 EXPERIMENTAL 
3.2.1 REAGENTS AND CHEMICALS 
Ceric sulphate [Ce(S04)2.4H20], thorium nitrate [Th(N03)4.5H20J and styrene 
(C6H5CHCH2) were the CDH (India) products while orthophosphoric acid (H3PO4) was a 
Qualigens (India) product. All other reagents and chemicals were of AnalaR grade. 
3.2.2 PREPARATION OF THE REAGENT SOLUTIONS 
Solutions of ceric sulphate and thorium nitrate were prepared in 0.5 M H2SO4 and 
1M HNO3 respectively, while those of styrene were prepared in ethanol. The solutions 
(2M and 6M) of orthophosphoric acid were prepared in demineralized water. 
3.2.3 SYNTHESIS OF THE ION-EXCHANGE MATERIALS 
3.2.3.1 SYNTHESIS OF STYRENE BASED CERIUM (IV) PHOSPHATE (StCeP) 
A number of samples were prepared by adding dropwise a liter of a 0.05M 
solution containing its 49.98 mmoles of Ce(S04)2.4H20 to a mixture of 1 liter 6M H3PO4 
and 1 liter of alcoholic solution of styrene containing its 8.69 to 868.94 mmoles. Stining 
was done during mixing, using a magnetic stirrer at a temperature of 70±5°C. The 
resulting slurry was stired for 4h at this temperature, filtered, and washed free of 
sulphate ions with demineralized water (pH~4). Finally, it was dried at room temperature, 
resulting into a sheet. The sheet was crushed into small pieces and converted Into the 
H*-form by treating with 1M HNO3 for 24h with occasional shaking, and intermittently 
repladng the supernatant liquid with fresh acid. The material thus obtained was then 
• 
washed with demineralized water to remove the excess acid before drying finally at 
45°C, and sieved to obtain particles of 50-70 mesh size. Table 3.1 summarizes the 
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synthesis of various samples of the material. Since the sample StCeP-4 shows the 
maximum ion-exchange capacity, it was selected for further studies. 
3.2.3.2 SYNTHESIS OF STYRENE BASED THORIUM(IV) PHOSPHATE (StThP) 
A number of samples were prepared by adding dropwise a liter of a 0.1 M solution 
containing 100 mmoles of Th(N03)4.5H20 to a mixture of 1 liter 2M H3PO4 and 1 liter of 
alcoholic solution of styrene containing its 8.69 to 868.94 mmoles. Stirring was done 
during mixing, using a magnetic stirrer at a temperature of 90±5°C. The resulting slurry 
was stirred for 5h at this temperature, filtered and washed with demineralized water (pH 
~ 4). On drying at 15-20°C it resulted into a sheet which was crushed into small pieces 
and converted into the H* - form by treating with 1M HNO3 for 24h with occasional 
shaking, and intermittently replacing the supernatant liquid with fresh acid. The material 
thus obtained was then washed with demineralized water to remove the excess acid 
before drying finally at 45°C and sieved to obtain particles of 50-70 mesh size. Table 3.2 
summarizes the synthesis of various samples of the material. Since the sample StThP-5 
shows the maximum ion-exchange capacity, it was selected for further studies. 
3.2.4 CHEMICAL AND PHYSICO-CHEMICAL STUDIES OF THE ION-
EXCHANGE MATERIALS 
3.2.4.1 ION-EXCHANGE CAPACITY 
The ion-exchange capacities of the materials were detemiined by the method 
described in chapter-2. 
3.2.4.2 ELUTION BEHAVIOUR 
The elution behaviour of the materials was detenmined as described in chapter-2. 
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Table 3.1 Synthesis of various samples of styrene based cerium (IV) 
phosphate. 
Sample 
No. 
StCeP-1 
StCeP-2 
StCeP-3 
StCeP-4 
StCeP-5 
StCeP-6 
StCeP-7 
StCeP-8 
StCeP-9 
StCeP-10 
StCeP-11 
StCeP-12 
StCeP-13 
mmoles of 
styrene/1000ml 
8.69 
17.38 
43.45 
86.89 
173.79 
260.68 
347.57 
434.47 
521.36 
608.26 
695.15 
782.04 
868.94 
Na'- ion exchange 
capacity (meq/dryg) 
2.85 
2.88 
3.12 
3.45 
3.05 
2.95 
2.90 
2.40 
2.22 
1.95 
1.65 
1.45 
1.05 
Table 3.2 Synthesis of various samples of styrene based thorium (IV) 
phosphate. 
Sample 
No. 
StThP-1 
StThP-2 
StThP-3 
StThP-4 
StThP-5 
StThP-6 
StThP-7 
StThP-8 
StThP-9 
StThP-10 
StThP-11 
StThP-12 
StThP-13 
mmoles of 
styrene /1000ml 
8.69 
17.38 
43.45 
86.89 
173.79 
260.68 
347.57 
434.47 
521.36 
608.26 
695.15 
782.04 
868.94 
Na*-ion exchange 
capacity (meq/dryg) 
3.00 
3.15 
3.35 
4.05 
4.52 
4.20 
4.05 
3.82 
3.55 
2.40 
1.96 
1.65 
1.28 
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3.2.4.3 THERMAL STUDIES 
The thermal studies were done by the method described In chapter-2. The value 
of external water molecules "n" can be calculated using Alberti's equation [5] 
18n=M±B!) 
100 
where X is the percent weight loss and (M+18n) is the molecular weight of the 
exchanger. 
3.2.4.4 COMPOSITION 
Composition of the materials was determined by the method described in 
chapter -2. 
3.2.4.5 ELEMENTAL ANALYSIS 
Elemental analysis was carried out using a Cario-Erba 1106 elemental analyser 
to detemiine the carbon and hydrogen contents only of the sample 
3.2.4.6 CHEMICAL STABILITY 
The chemical stability of the materials was determined by the same method as 
described in chapter-2. 
3.2.4.7 pH TITRATIONS 
pH titrations were performed by the Topp and Pepper's method [6] as described 
in chapter-2. 
3.2.4.8 INFRARED SPECTROSCOPIC STUDIES 
The Infrared studies were carried out by the KBr disc method using model Nicolet 
5DX. 
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3.2.4.9 SCANNING ELECTRON MICROSCOPIC STUDIES 
Scanning electron microscope, model JEOL JSM 840, SM was used for SEM 
studies. 
3.2.4.10 X- RAY DIFFRACTION STUDIES 
X-ray diffraction studies were made on a Philips, X-ray diffractometer, model 
PW1710. 
3.2.4.11 DISTRIBUTION STUDIES 
The distribution studies were performed by the method described in chapter-2. 
3.2.4.12 SEPARATIONS ACHIEVED 
Several binary separations were achieved by the method described in chapter-2. 
8S 
3.3 RESULTS AND DISCUSSIONS 
This study highlights certain interesting features of the styrene based cerium (IV) 
and thorium (IV) phosphates. The materials show an exceedingly high ion exchange 
capacity for Na* ions, which is much higher than the i.e.c. shown by the other ion 
exchange materials reported so far in these laboratories [7-9]. The ion exchange 
capacity obtained for StCeP was found to be 3.45 meq/dry g, while for StThP it is 4.52 
meq/dry g. It is even higher than the acrylonitrile based cerium (IV) and thorium (IV) 
phosphates. Table 3.3 shows the i.e.c. of the StCeP and StThP for various metal ions 
and Fig. 3.1 indicates the maximum ion-exchange capacity of the materials when 86.89 
and 173.79 mmoles of styrene were added to a 1:1 VA/ mixture of 6M H3PO4 & 0.05M 
Ce(S04)2.4H20 in case of StCeP and 2M H3PO4 & 0.1M Th(N03) 4. 5H2O in case of 
StThP. 
Further, the materials were obtained in the fomi of a sheet. The SEM of the 
materials show their fibrous stmcture (Fig. 3.2(a,b)). They appear to be highly stable 
chemically as is evident from Table 3.4. Inorganic ion exchange papers of StThP can be 
easily prepared and these papers compare favourably with those of StCeP as regards to 
their stability with strong reducing agents. This property is important In chromatographic 
separations vA\ere reducing agents are often used as eluants or spot-test reagents. 
Like ANThP here also the drying temperature was found to be an important 
feature in the synthesis of StThP. The material was obtained in the form of Ion exchange 
paper when dried at IStS'C (keeping in refrigerator). It was stable even up to 600°C. 
The product dried at room temperature, however was not stable and was found to melt 
on standing. It is a unique feature of this material. StCeP is different in this regard. It was 
found to be quite stable when dried at room temperature. 
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Table 3.3 Ion-exchange capacity of styrene based cerium (IV) and 
thorium (IV) phosphates for various metal solutions. 
Metal solution 
LiCI 
NaNOa 
KCI 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
BaCl2 
Ion-exchange capacity 
of StCeP(meq/dry g) 
1.65 
3.45 
1.87 
2.48 
2.85 
2.90 
3.65 
Ion-exchange capacity 
of StThP(meq/dry g) 
1.55 
4.52 
2.43 
2.95 
3.75 
4.29 
4.86 
Table 3.4 Chemical stability of styrene based cerium(IV) and 
thorium(IV) phosphates in various acid, alkali and salt 
solutions 
Solvent 
(2Smi) 
IMHCi 
2MHCI 
4MHCI 
1M HNO3 
2M HNO3 
4M HNO3 
1M H2SO4 
2M H2SO4 
4M H2SO4 
2M NaNOa 
2M KNO3 
0.05M NaOH 
O.IMNaOH 
0.1 M KOH 
0.1 M NH4OH 
0.5M NH4OH 
Amount dissolved (mg) 
StCeP 
Cerium 
0.475 
0.600 
0.650 
0.275 
0.400 
0.750 
0.250 
0.395 
dissolved 
0.150 
0.970 
0.625 
0.350 
0.200 
0.525 
0.425 
Phosphate 
0.350 
0.950 
1.350 
0.450 
0.800 
1.100 
1.475 
1.685 
dissolved 
0.950 
0.175 
0.400 
0.475 
0.500 
0.300 
0.375 
Amount dissolved (mg) 
StThP 
Thorium 
0.59 
0.76 
1.10 
0.85 
1.10 
1.56 
1.36 
dissolved 
-
0.06 
0.12 
1.12 
0.72 
1.40 
1.38 
1.42 
Phosphate 
0.04 
0.06 
0.07 
0.05 
0.10 
0.16 
0.14 
dissolved 
-
0.00 
0.06 
0.02 
0.05 
0.55 
0.16 
0.25 
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Fig. 3.1 Effect of millimoles added of styrene on the i.e.c of :-
(a) styrene based cerium(IV) phosphate. 
(b) styrene based thorium(IV) phosphate. 
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Fig. 3.2 The electron micrograph of :-
(a) styrene based cerium(IV) phosphate. 
(b) styrene based thorium(IV) phosphate. 
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Thermally, the materials appear to be highly stable. StCeP retains approximately 
51% of its ion - exchange capacity when heated upto 400'»C while only 17.39% when 
heated upto 600°C. These values are 57.10% and 32.10% respectively for StThP as 
shown in Table 3.5. It indicates that StThP is more stable thermally than StCeP. It is 
important because the main use of these materials is in the atomic power plants for the 
purification of water at higher temperatures and high pressure conditions. Mechanically 
also the materials are more stable than ANCeP and ANThP, which may be due to the 
higher binding strength of styrene as compared to acrylonitrile. 
The elution behaviour indicates that the exchange is quite fast on StCeP and 
almost all the H* ions are eluted out in the first 150 ml of the effluent from a column of 
1.0 g exchanger (Fig. 3.3(a)), while for StThP 160ml of the effluent was required for a 
complete release of H* ions (Fig. 3.3(b)). The optimum concentration of the eluant was 
found to be 1M (Fig.3.4) for a complete elution of H* ions from the above column. 
The pH titration curves of StCeP and StThP obtained under equilibrium 
conditions are shown in Fig. 3.5(a,b) for LiOH/LiCI, NaOH/NaCI, KOH/KCI systems, 
which indicate a monofunctional exchange process. The material releases H* ions easily 
v^th the addition of metal salt solutions to the system as indicated by a low pH (-2) of 
the solution when no OH' ions were added to the system. It shows a strong cation 
exchange behaviour of the materials. At low metal hydroxide concentration, the ion 
exchange capacity for Li* ions is lower than Na* and K* ions as is evident from the initial 
pH at a lower hydroxide concentration. Also the exchange rate is slower for the H*- Li* 
exchange than for the H*-Na* and H*-K* exchanges. The H*-Li* exchange process is 
completed at a higher OH' concentration. This may be due to a larger hydrated radius of 
Li* ion than those of Na* and K* ions, thus accounting for a lower ion exchange capacity 
for Li* ions in the column process (dynamic condition) where equilibrium 
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Table 3.5 Thermal stability of styrene based cerium (IV) and thorium 
(IV) phosphates after heating to various temperatures for 1h. 
Drying 
temperature (°C) 
StCeP 
45 
100 
200 
400 
600 
800 
StThP 
45 
100 
200 
400 
600 
800 
Na'' ion-exchange 
capacity (meq/dry g) 
3.45 
3.20 
2.15 
1.76 
0.60 
0.10 
4.52 
4.46 
3.26 
2.58 
1.45 
0.18 
Change in 
colour 
Light yellow 
Cream 
Light brown 
Yellowish white 
Yellowish white 
Light grey 
White 
White 
Dirty white 
Light grey 
Light grey 
Dark grey 
% Retention 
of i.e.c. 
100.00 
92.75 
62.32 
51.01 
17.39 
2.90 
100.00 
99.12 
72.45 
57.10 
32.10 
3.98 
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Fig. 3.3 Histograms showing the elution behaviour of: 
(a) styrene based cerium(IV) phosphate. 
(b) styrene based thoiium(iV) phosphate. 
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Fig. 3.4 Concentration plots of :-
(a) styrene based cerium(l\/) phosphate. 
(b) styrene based thorium(IV) phosphate 
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Fig. 3.5 Equilibrium pH titration curves of :-
(a) styrene based cerium(IV) phosphate. 
(b) styrene based thorium(IV) phosphate. 
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is not fully established. The end point in the titration curve is not quite sharp which may 
be due to some alkaline hydrolysis of the ion exchanger. An overall higher ion exchange 
capacity for all the three metal ions in the batch process (static condition) than in the 
column process, as shown by the potentiometric curves, may be due to the fact that an 
equilibrium is attained in the batch process. It may also be due to the presence of alkali 
hydroxides which facilitates the ion exchange by the removal of H* ions from the external 
solution in accordance with the Le' Chatelier's Principle. 
On the basis of their chemical analysis (Table 3.6), the molar composition of 
cerium, phosphate and styrene in the StCeP and thorium, phosphate and styrene in 
StThP were found to be 1:2:1 and 1:3:2 respectively, suggesting the following formulae: 
[(Ce02)(H3P04)2(C6H5CHCH2)].nH20 
[(Th02)(H3P04)3(C6H5CHCH2)2].nH20 
The thermogram (Fig. 3.6(a,b)) shows a 6.5% weight loss up to 232°C in StCeP 
while 8% weight loss upto around 230°C in StThP. It may be due to the removal of 
extemal water molecules "n" from the exchanger. The value of 'n' was found to be ~2.2 
& 3.0 for StCeP and StThP respectively using Alberti's equation. In case of StCeP, 
beyond 232''C the condensation of the material must have started, resulting in 
dehydration due to the removal of strongly coordinate H2O molecules from the 
frameworic of the exchanger, which continues up to 500°C where the weight becomes 
almost constant. It also involves the production of Ce02 at 450°C [10]. In case of StThP 
on heating beyond 230''C the condensation process starts as is indicated by a further 
weight loss upto around 360''C. Beyond this temperature the thorium oxide (Th02) 
horizontal starts [11]. The horizontal portion after SSO^ C Indicates the fomiation of 
pyrophosphate [11]. 
The IR spectrum of the materials (Fig. 3.7(a,b)) confinns the presence of various 
absorption bands at their coresponding wavelengths [12]. They are summarized in 
Table 3.7. 
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Table 3.6 Composition of styrene based cerium (IV) and thorium(IV) 
phosphates. 
Material 
StCeP 
StThP 
Weight of the 
material (mg) 
250 
250 
Millim< 
Ce(IV) 
0.402 
Th(IV) 
0.324 
oles of the components 
PO^- C H 
0.904 0.505 0.920 
POf C H 
1.07 0.69 1.32 
Mole ratio 
(Ce:PO^:St) 
1 : 2 : 1 
(Th:PCt:St) 
1 : 3 : 2 
Table 3.7 Infrared absorption bands of styrene based cerium(IV) and 
thorium(IV) phosphates. 
Absorption bands 
Metal-Oxides & Metal-Hydroxides 
Phosphate group 
Water of crystallization 
Polystyrene 
Benzene ring 
Wavelength (cm*^ ) 
StCeP 
618 
539 & 1061 
1632 & 3445 
2926 
1485 
StThP 
628 
546 & 1083 
1635 & 3436 
2918 
1402 
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Fig. 3.6 TGA curves of :-
(a) styrene based cerium(l\/) phosphate. 
(b) styrene based thorJum(IV) phosphate. 
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Fig. 3.7 Infrared spectrum of :-
(a) styrene based cerium(IV) phosphate. 
(b) styrene based thorium(|\/) phosphate. 
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The X-ray diffraction pattern of StCeP (Fjg.3.8(a)) shows that the material is 
microcrystalline hence an exact description of the crystallographic location of the cation 
exchange sites or site density may not be possible. On the other hand the X-ray 
diffraction pattern of StThP (Fig.3.8(b)) shows some well defined peaks thus indicating 
its well crystalline character. Table 3.8 summarizes the X-ray diffraction data of StCeP 
and StThP. 
The distribution studies (Table 3.9) point out that StCeP is selective for 
Fe (III) and Hg(ll) while StThP is selective for Cd(ll) ions. Hence, the utility of 
these materials was demonstrated by achieving separations of great analytical 
significance; for example on StCeP columns the possible separations are: Fe(lll)-Mg(ll), 
Fe(lll)-Pb(ll), Fe(lll)-AI(lll) and Fe(lll)-Zn(ll). Similariy, difficult separations such as Al(lll)-
Hg(ll) and Al(lll)-Pb(ll) have also been perfonmed on this ion-exchanger (Fig. 3.9(a)) 
while on StThP, Cd(ll) has been separated from Zn(ll) and Hg(ll). Also a binary 
separation, Cd(ll)-Ba(ll) was achieved on its column (Fig. 3.9(b)).The separations are 
quite precise as the results in Table 3.10 show. 
Table 3.8 X-ray diffraction data of styrene based cerium{IV) and 
thorium(IV) phosphates. 
S. No. 
StCeP 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
StThP 
1 
2 
3 
4 
5 
6 
Ang(e 
(26") 
10.68 
10.84 
11.68 
12.16 
13.98 
14.42 
17.34 
22.83 
25.10 
26.88 
29.42 
31.44 
33.96 
33.98 
48.44 
57.79 
7.895 
16.470 
28.660 
29.000 
36.240 
44.665 
Ref.int 
(%) 
13 
12 
15 
15 
12 
20 
11 
14 
13 
18 
14 
16 
11 
13 
16 
18 
80.7 
12.4 
100.0 
3.8 
3.1 
11.7 
cf-va(ue 
(A) 
8.276 
8.154 
7.569 
7.272 
6.329 
6.137 
5.109 
3.891 
3.544 
3.313 
3.033 
2.842 
2.637 
2.253 
1.877 
1.594 
11.1891 
5.3778 
3.1122 
3.0764 
2.4767 
2.0272 
Peak width 
(29") 
0.128 
0.143 
0.158 
0.128 
0.218 
0.158 
0.158 
0.128 
0.128 
0.143 
0.143 
0.128 
0.128 
0.263 
0.218 
0.173 
0.240 
0.640 
0.060 
0.640 
0.800 
0.240 
Peak int . 
(Counts) 
65 
60 
75 
75 
60 
100 
55 
70 
65 
90 
70 
80 
55 
65 
80 
90 
94 
14 
117 
4 
4 
32 
100 
Table 3.9 Kd values of metal ions on styrene based cerium (IV) and 
thorium (IV) phosphates in DMW, perchloric acid, nitric acid 
and hydrochloric acid media. 
Metal 
I o n s 
S t C e P 
Mg(ll) 
Ca(l l) 
Sr{ll) 
Ba(l l) 
Pb{H) 
Mn(ll) 
Cd(ll) 
Cu(ll) 
Fe( l l l ) 
Al(l l l) 
Co(U) 
Hg(ll) 
Ni(ll) 
Zn(ll) 
StThP 
Mg(ll) 
Ca(ll} 
Sr(ll) 
Ba(ll) 
Pb(ll) 
Mn(ll) 
Cd(ll) 
Cu(ll) 
Fe(lll) 
Al(lll) 
Co(ll) 
Ha(ll) 
Ni(ll) 
Zn(ll) 
OMW 
50.00 
ISO.00 
130.00 
200 .00 
133.33 
100.00 
50.00 
300 .00 
200 .00 
300 .00 
100.00 
300 .00 
50.00 
100.00 
900.00 
550.00 
836.00 
1125.00 
342.00 
655.00 
1900.0 
900.00 
900.00 
1200.00 
836.00 
525.00 
1125.00 
350.00 
0 . 0 1 M 
50.00 
40 .00 
33 .33 
166.66 
100.00 
71 .43 
150.00 
50 .00 
133.33 
87 .50 
60.00 
233 .00 
200 .00 
133.33 
325.00 
288.00 
224.00 
125.00 
633.00 
418.00 
1900.0 
825.00 
350.00 
1200.00 
655.00 
525.00 
572.00 
350.00 
HCIO4 
0.1 M 
50.00 
40.00 
14.28 
100.00 
60.00 
25.00 
33 .33 
25 .00 
166.66 
150.00 
16.66 
300.00 
150.00 
100.00 
220.00 
125.00 
100.00 
80.00 
224.00 
300.00 
1900.0 
820.00 
300.00 
1066.00 
424.00 
28.00 
436.00 
350.00 
1 M 
66.66 
50.00 
30.00 
100.00 
66 .66 
37.50 
200.00 
150.00 
20.00 
16.66 
7.14 
40.00 
33.33 
28.57 
112.00 
78.00 
64.00 
42.00 
175.00 
149.00 
1900.0 
350.00 
225.00 
956.00 
220.00 
10.00 
390.00 
125.00 
0 . 0 1 M 
20.00 
16.60 
14.28 
133.33 
125.00 
66 .66 
200 .00 
66.66 
100.00 
25.00 
20 .00 
200.00 
133.33 
128.57 
250.00 
250.00 
224.00 
150.00 
615.00 
200.00 
1900.0 
500.00 
255.00 
1200.0 
650.00 
175.00 
572.00 
350.00 
HNO] 
0.1 M 
25.00 
20.00 
9.07 
50.00 
33.33 
25.00 
100.00 
33.33 
100.00 
66.66 
50.00 
300.00 
200.00 
100.00 
178.80 
70.00 
80.00 
80.00 
143.00 
170.00 
1900.0 
314.00 
236.00 
950.00 
572.00 
39.00 
550.00 
125.00 
1 M 
50.00 
33.33 
25.00 
66.66 
50.00 
40.00 
300.00 
150.00 
50.00 
30.00 
16.66 
50.00 
27.27 
14.28 
112.00 
36.66 
64.00 
30.00 
92.00 
125.25 
1900.0 
90.00 
150.00 
836.00 
218.00 
26.00 
400.00 
120.00 
0 . 0 1 M 
55.55 
50 .00 
33 .33 
133.33 
80 .00 
57 .14 
100.00 
75 .00 
33 .33 
25 .00 
20 .00 
200 .00 
180.00 
166.66 
325.00 
250.00 
300.00 
125.00 
525.00 
200.00 
1900.0 
616.00 
350.00 
1250.0 
424.00 
90.00 
300.00 
300.00 
HCI 
0 .1 M 
66.66 
33 .33 
16.66 
25 .00 
20 .00 
16.66 
100.00 
66 .66 
200 .00 
100.00 
57 .14 
500.00 
300 .00 
200 .00 
220.00 
125.00 
125.00 
100.00 
214.00 
150.00 
1500.0 
428.00 
300.00 
1153.0 
300.00 
56.00 
172.00 
78.00 
1 M 
100.00 
25.00 
20.00 
50.00 
25.00 
14.28 
300.00 
200.00 
20.00 
16.66 
14.28 
50.00 
30.00 
16.66 
78.00 
78.00 
75.00 
66.66 
100.00 
100.00 
1225.0 
212.00 
150.00 
616.00 
272.00 
38.00 
125.00 
49.00 
101 
Table 3.10 Binary separations of metal ions achieved on styrene based 
cerium (IV) and thorium (IV) phosphates column. 
S I . 
No . 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
Separat ion 
achieved 
Ml M j 
Mg( l l ) -Fe ( l l l ) 
Pb ( l l ) -Fe ( l l l ) 
A l ( l l l ) - F e ( l l l ) 
Zn ( l l ) -Fe ( l l l ) 
A l ( t l l ) -Pb ( l l ) 
A l ( l l l ) -Hg ( l l ) 
Pb( l l ) -Hg( l l ) 
Zn(tl)-Hg(ll) 
Hg( l l ) -Cd ( l l ) 
Zn(ll) - Cd(ll) 
Ba(ll) - Cd(ll) 
Amount loaded 
(|ig) 
IVIi M, 
449.55 
3729.60 
229.50 
1143.97 
229.50 
229.50 
3729.60 
1143.97 
977.37 
977.37 
977.37 
977.37 
3729.60 
3660.76 
3660.76 
3660.76 
2900.8 
980.55 
2403.3 
1910.8 
1910.8 
1910.8 
Amount found 
(MQ) 
M l Mz 
StCeP 
441.0 
3626.0 
229.50 
1078.60 
236.25 
222.75 
3677.80 
1078.60 
977.37 
963.41 
991.37 
949.45 
3729.60 
3610.62 
3660.76 
3610.62 
StThP 
2800.0 
1013.2 
2368.9 
1910.8 
1882.7 
1910.8 
Error 
(%) 
M, 
-1.90 
-2.77 
0.00 
-5.71 
+2.94 
-2.94 
-1.38 
-5.71 
-3.45 
3.33 
-1.43 
M2 
0.00 
-1.43 
+ 1.43 
-2.85 
0.00 
-1.37 
0.00 
-1.37 
0.00 
-1.47 
0.00 
Eluant 
used 
Mg:0.01 M HOI 
Fe: 1 M HCIO4 
Pb: 0.1 M HCIO« 
Fe: 1 M HCIO4 
A l : 0.01 M HCI 
Fe: 1 M HCIO4 
Z n : 0.01 M HNO3 
Fe: 1 M HCIO4 
A l : 0.01 M HCI 
Pb: 0.1 M HCIO4 
A l : 0.01 M HCI 
Hg: 1 M HCI 
Pb: 0.1 M HCIO4 
Hg: 1 M HCI 
Z n : 0.01 M HNO3 
Hg: 1 M HCI 
Hg:0 .1MHCI04 
C d : 1 M H N 0 , 
Zn :0 .1MHCI 
Cd: 1M HNO3 
Ba:0.01M HCIO4 
Cd:1MHN03 
Vol. 
of 
eluant 
(ml) 
50 
50 
60 
50 
30 
40 
50 
40 
30 
50 
40 
50 
40 
50 
40 
40 
40 
50 
50 
50 
60 
50 
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Fig. 3.8 X-ray diffraction pattern of :-
(a) styrene based cerlum(l\/) piiosphate. 
(b) styrene based thorium(IV) phosphate. 
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Fig. 3.9(a) Separation of Mg(ll) - Fe(lll); Pb(ll) - Fe(lll); Al(lll) - Fe(lll); Zn(ll) - Fe(lll); Al(lll)-
Pb(lt); Al(lll) - Hg(ll); Pb(ll) - Hg(ll) and Zn(ll) - Hg(ll) on styrene based cerium(IV) 
phosphate columns: 
(a.e.U) 0.01MHCI (b.d.f.h) 1M HCIO4 (cj.m) 0.IMHCIO4 
(g.o) O.OIMHNO3 (l.n.P) 1MHCI 
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Fig. 3.9(b) Separation of Hg(ll)-Cd(ll); Zn(ll)-Ccl(ll) and Ba(ll)-Cd(ll) on styrene based 
thoriumOV) phosphate columns: 
(a)0.1MHCIO4 (b,d.f)1MHN03 (c) 0.1M HCI (e) O.OIMHCIO4 
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4.1 INTRODUCTION 
The fibrous ion exchange materials prepared during these studies viz. ANCeP 
[1], StCeP, ANThP and StThP possess good ion exchange capacity and excellent 
chemical and mechanical stability relative to the inorganic ion exchange materials [2-5]. 
In order to understand the mechanism of the ion-exchange process taking place, the 
kinetic studies of the surface phenomena occurring on such materials is of great 
importance. In an ion exchange process, which is essentially a redistribution of the 
exchanging counter ions-subject to the restriction of electroneutrality-the diffusion of 
counter ions gives rise to a restoring electric field or diffusion potential. The automatic 
generation of this diffusion potential serves as a means of electroneutrality conservation. 
This mechanism is the basis of the current theories of ion exchange kinetics [6]. In a 
non-isotopic ion exchange process, v\/here the fluxes of two different ionic species are 
coupled with one another, a constant interdiffusion co-efficient can not be employed in 
kinetic equations to describe the actual process. The kinetics of such non-isotopic ion-
exchange process involving two different ionic species with different mobilities can be 
better understood by employing the Nemst-Planck model, wherein, the interdiffusion co-
efficient depends on the relative concentration of the two counter ions and the 
interdiffusion rate is predominantly controlled by the ion which is In the minority. 
In the present wori<, the Nemst-Planck equations [7-9] have been applied to 
determine the various physical parameters such as self-diffusion coefficient (Do), energy 
of activation (Ea) and entropy of activatfon (AS*), of the ion exchange processes for 
some alkaline earth and transition metals on acrylonitrile based cerium (IV) phosphate 
(ANCeP) in H*-form. These results provide an insight into the mechanism of metal 
uptake at the ion-exchange sites of this and other materials of this class. 
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4.2 EXPERIMENTAL 
4.2.1 REAGENTS AND CHEMICALS 
All reagents and chemicals were of AnalaR grade. 
4.2.2 KINETIC MEASUREMENTS 
A water-bath incubator shaker having a temperature variation of ±0.5''C was 
used for the equilibrium studies. The rates of exchange were measured by the limited 
batii technique [10] on exchanger particles of mean radius (ro) « 125fjm (50-70 mesh 
size). 20ml fractions of the 0.02M metal ion solutions prepared in DMW were shaken 
with 200mg of the exchanger in several stoppered conical flasks at the desired 
temperatures (25°, 33°, 50° and 65°C) for different time inten^als (0.5, 1.0, 2.0, 3.0 and 
4.0 min). The supernatant liquid was immediately removed and analysed for its metal ion 
content by EDTA titrations [11]. 
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4.3 RESULTS AND DISCUSSIONS 
In this study kinetic measurements have been made under the conditions 
favouring a particle diffusion controlled ion-exchange mechanism, I.e., high metal ion 
concentration, relatively large particle size of the exchange material and vigorous 
shaking, on the surface of acrylonitrile based cerium (IV) phosphate, for the Mg(ll)-H(l), 
Ca(ll)-H(l), Sr(ll)-H(l), Ba(ll)-H(l). Mn(ll)-H(l), Co(ll)-H(l), Cu(ll)-H(l) and Zn(ll)-H(l) 
exchanges. Under these conditions the fractional attainment of equilibrium, U(x) may be 
given by the equation: 
the amount of exchange at time' t' 
U<.) = tiie amount of exchange at infinite time 
Plots of U(T) versus t (in minutes) for all metal ions (Fig. 4.1) indicate that the 
fractional attainment of equilibrium is faster at a higher temperature. It suggests that the 
mobility of the ions increase with an increase in temperature, probably because of a 
higher diffusion rate of ions through thermally enlarged interestitiai positions of the 
exchanging matrix. The uptake of metal ions decreases due to the occupation of more 
exchanging sites with time. 
The concentration effect on the mechanism of exchange was studied at 33°C by 
taking different metal ion concentrations (0.005, 0.01, 0.02, 0.03 and 0.04M). Plots of T 
versus t (Fig. 4.2) were straight lines passing through the origin for the metal ion 
concentrations > 0.02M. The rate of exchange is independent at and above this 
concentration conflnning a particle diffusion controlled phenomenon. Below this 
concentration the film diffusion is more prominent. 
Although this is a limited bath system, the equation applicable to an infinite bath 
can be used here, because CV » CV, where C and C are the metal ion concentrations 
in the solution and exchanger phases respectively, while V and V are the volumes of 
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0 1 2 3 4 
Fig. 4.1 Plots of U(,) versus t(time) for different l\/l(li)-H(l) exchanges at different temperatures 
on acrylonitrile based cerium (IV) phosphate 
• 25°C A 33°C O 50°C • 65°C 
t(min) 
Fig. 4.2 Plots of x versus t(time) for M(ll)-H(l) exchange using different metal solution 
concentrations at 33°C on acrylonitrile based cerium(l\/) phosphate. 
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these two phases. Since the ion-exchanger do not swell significantly, the Nemst-Planck 
equation can be solved conveniently with some additional assumptions [12]. As a result, 
we obtain a coupled inter-diffusion coefficient DAB, the value of v^ rhich depends on the 
relative concentrations of the counter ions 'A' and 'B' in the exchanger phase (CA and 
CB). For CA « CB the inter-diffusion coefficient assumes the value DA, 'A' being the 
counter-ion initially present in the ion-exchanger phase. In the present study since the 
exchanger is taken in H*-form, DA may be replaced by DH. 
Thus on the basis of the Nemst-Planck equations, the numerical results can be 
expressed [13] by the explicit approximation: 
U(,)={l-exp[7r2(f,(a)T + f2(a)T2 + f3(a)T^)]}"2 (1) 
where T = D»VT^, mobility ratio a = DH/DM, the coefficients DH and DM are the inter-
diffusion coefficients of counter ions H and M respectively in the exchanger phase, ro is 
the particle radius and t is the time. The three functions fi(a), f2(a) and U{a) depend 
upon the mobility ratio (a) and the charge ratio ZH/ ZM of the exchanging ions. Thus if the 
exchanger is taken in the H(l) form and the exchanging ion is M(ll), under the conditions 
1 < a < 20 and ZH/ ZM=1/2, the three functions can be expressed as: 
0.64 -f-0.36 a' f .(«)=- r r r - T T T - ^ (2) 
'-^"^ = - 0 . 9 6 - 2 ' o a — '^> 
^'^"^ 0.27 -f-0.09 a' •' ^^^ 
Each value of U(x) has a con-esponding value of T (a dimensionless time 
parameter) as obtained earlier [14,15] which were calculated by solving the Nemst-
I l l 
Planck equations. The plots of T versus time (t) at four different temperatures for different 
metal (ll)-hydrogen (I) exchanges are shown in Fig. 4.3 and the results are summarized 
in Tables 4.1 and 4.2. 
The plots of T versus time are the straight lines passing through the origin, 
confimiing the particle diffusion controlled phenomenon for metal (ll)-H(l) exchanges at 
a metal ion concentration of 0.02M. 
The slopes (S) of various x versus t (S"^ ) plots at four different temperatures for 
all the metal ions are given in Table 4.3. These slopes are related to DH as follows: 
S = % (5) 
To 
The values of -log DH obtained by this equation plotted against 1/T are straight lines as 
shown in Fig. 4.4 verifying the validity of the Antienius equation: 
DH =D„exp(-Ea/RT) (6) 
The pre-exponential constant Do is estimated by extrapolating these curves and by 
taking -log Do as -log DH at 1/T = 0. The energy of activation (Ea) Is calculated from the 
values of DH (at 273K) and Do, while the entropy of activation (AS*) was calculated by 
substituting Do in the following equation: 
D„=2.72d2KT/h exp(AS*/R) (7) 
where K and h are the Boltzmann and Planck constants respectively, d is the 
ionic jump distance taken as 5A [16], R is the gas constant and T is taken as 
273K. The values of the diffusion coefficient Do, energy of activation Ea, and 
entropy of activation AS* thus obtained are summarized in Table. 4.4. 
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Table 4.1 T values for Mg(ll)-H(l). Ca(ll)-H(l), Sr(ll)-H(l) and Ba(ll)-H(l) exchanges 
on acrylonitrile based cerium (IV) phosphate at different temperatures 
after various time intervals. 
Time 
(min) 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
25»C 
18.80 
42.40 
74.80 
101.00 
138.00 
19.20 
43.22 
88.20 
122.90 
174.00 
21.30 
49.10 
86.21 
108.60 
136.00 
24.00 
42.00 
83.78 
127.00 
155.70 
T xlO values at 
3 3 X 
Mg(ll) - H(l) 
23.00 
58.29 
93.00 
149.60 
183.50 
Ca(il)-H(t) 
31.40 
55.16 
108.60 
154.00 
205.20 
Sr(ll)-H{i) 
49.10 
72.50 
106.40 
154.00 
196.70 
Ba(ll} - H(l) 
32.24 
53.60 
105.10 
142.40 
179.20 
50'C 
37.00 
68.40 
117.40 
169.20 
220.50 
37.18 
64.40 
150.00 
181.20 
243.10 
55.16 
78.20 
136.00 
185.00 
223.60 
36.20 
62.90 
119.00 
165.00 
217.00 
65"C 
42.40 
74.80 
143.60 
187.00 
256.10 
43.00 
83.00 
160.20 
214.00 
278.00 
72.50 
98.00 
148.00 
214.00 
278.00 
42.00 
73.00 
127.00 
200.30 
260.00 
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Table 4.2 t values for Mn(ll)-H(l), Co(ll)-H(l), Cu(ll)-H(l) and Zn(ll)-H(l) 
exchanges on acrylonitrile based cerium (IV) phosphate at different 
temperatures after various time intervals. 
Time 
(min) 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
0.5 
1 
2 
3 
4 
25°C 
21.80 
42.00 
101.00 
136.60 
191.00 
23.40 
42.70 
93.80 
162.30 
213.00 
18.80 
49.40 
93.00 
149.60 
187.00 
18.60 
47.57 
90.10 
131.20 
167.40 
m 
TXlO values at 
33»C 
Mn(tl)-H(l) 
29.20 
52.20 
110.60 
155.00 
223.00 
Co(ll)-H(l) 
32.00 
60.00 
120.80 
174.30 
230.40 
Cu (II) - H(l) 
26.18 
59.50 
117.40 
169.20 
220.50 
Zn(ll)-H(l) 
25.90 
57.66 
126.00 
144.00 
196.80 
SOX 
38.10 
73.90 
125.60 
189.00 
270.00 
40.10 
69.00 
154.80 
205.60 
275.00 
35.00 
73.20 
138.00 
196.80 
246.10 
36.80 
66.20 
126.00 
189.10 
232.60 
65°C 
47.00 
85.40 
155.00 
232.00 
321.00 
47.05 
75.50 
181.00 
251.30 
329.50 
36.80 
76.40 
149.60 
213.40 
292.30 
45.17 
72.00 
4i4.10 
213.40 
265.20 
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Table 4.3 Slopes (S) of the various T VS. time plots at different temperatures for the 
exchange of M(ll)-H(l) on acrylonitrile based cerium (IV) phosphate. 
Migrating 
Ion 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Mn(ll) 
Co(ll) 
Cu(ll) 
Zn{ll) 
25»C 
6.11 
7.20 
6.66 
6.66 
7.22 
8.33 
7.77 
7.22 
Sx10^(S')valuesat 
33»C 
7.77 
8.88 
8.33 
7.77 
10.00 
10.00 
9.40 
8.88 
50-C 
10.00 
10.S5 
10.00 
9.44 
11.66 
11.11 
11.11 
10.55 
65»C 
11.11 
12.22 
10.55 
11.11 
13.33 
13.88 
12.22 
12.22 
Table 4.4 Do, Ea and AS* values for the exchange of H(l) with some metal ions on 
acrylonitrile based cerium (IV) phosphate. 
Metal Ion 
exchanging 
with H(l) 
Mg(ll) 
Ca(ll) 
Sr(ll) 
Ba(ll) 
Mn(ll) 
Co(ll) 
Cu(ll) 
Zn(il) 
Ionic 
radius 
(A) 
0.78 
1.06 
1.27 
1.43 
0.91 
0.82 
0.70 
0.83 
Ionic 
mobility 
(cmV^ S'^) 
0.00055 
0.00062 
0.00062 
0.00066 
0.00028 
0.00043 
0.00046 
0.00047 
Do 
(m^*^) 
4.20x10"'* 
1.49 xlO"^ 
7.49x10-^° 
3.98x10'^ ° 
3.98x10"^ 
7.94x10"^° 
6.31 x10-^ ° 
1.25x10-^  
Ea 
(KJmor^ ) 
14.88 
11.76 
10.32 
8.62 
13.85 
9.93 
9.53 
11.36 
AS* 
(JK-'mor )^ 
-56.76 
-65.34 
-71.09 
-76.35 
-57.20 
-70.61 
-72.52 
-66.78 
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Fig. 4.3 Plots of -c versus t(time) for different M(ll)-H(l) exchanges at different temperatures on 
acrylonitrile based cerium (IV) phosphate 
A25°C A33°C O 50°C • 65°C 
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Fig. 4.4 Plots of-log DH versus 1/T(K) for M(ll) on acrylonitrile based cerium (IV) phosphate. 
(a) xMg(ll) ACaOO •Sr(ll) OBa(ll) 
(b) xMn(ll) AZnCII) •Cu(ll) OCo(ll) 
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These results shows that there is no definite relation between the Ionic radii of 
the metal ions, Ea and AS* values. The negative values of AS* indicate that the ion 
exchange process is more feasible on this material when the exchanger phase is in the 
H*-form and exchanged by a metal ion. 
A comparison of the kinetic behaviour of fibrous acrylonitrile based cerium (IV) 
phosphate with various inorganic ion exchangers as shown in Fig. 4.5 indicates a lower 
activation energy and higher negative values of AS* for fibrous ion exchanger than the 
inorganic ion exchangers. It indicates the presence of more active sites in its structure 
which probably accounts for a higher efficiency of its column than of the inorganic ion-
exchangers. 
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Fig. 4.5 Comparison of activation energies and entropy of activation for the allcaline earth and 
transition metal ions with H(l) ions on different inorganic ion exchangers, wHh fibrous 
ion exchanger. 
• Antimony (V) arsenophosphate • Zirconium (IV) arsenophosphate 
X Titanium (IV) arsenosilicate • Antimony (V) arsenosilicate 
O Acrylonitrile based cerium (tV) phosphate 
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5.1 INTRODUCTION 
Ion-exchange equilibrium on fibrous inorganic ion-exchangers is an interesting 
aspect of investigation. These investigations were centered on the distribution of 
different competing counter ion species between an ion-exchanger and the solution to 
understand the mechanism of exchange on such a material. Although a large number of 
inorganic ion-exchange materials have been studied thoroughly 11-7] for their ion-
exchange behaviour on the basis of a fundamental approach sudi as ttiermodynamics, 
only a negligible effort has been made to study the thermodynamics of ion exchange on 
fibrous materials [8, 9]. This study may help in understanding the various sorption and 
desorption processes going on in different systems involving an ion-exchanger. In view 
of this the present study has been made in which the various thermodynamic 
parameters, such as the free energy, entropy and enthalpy changes during the 
adsorption on an ion-exchanger have t>een evaluated. 
Acrylonitrile based cerium (IV) phosphate (ANCeP) has been selected for the 
above study as it is a new fibrous inorganic ion-exchanger and has shown reasonably 
good mechanical stability, promising ion-exchange behaviour and reproducibility. This 
chapter summarizes the results of a systematic thermodynamic study for the exchanges 
Mg(ll)-H(l). Ca(ll)-H(l), Sr(ll)-H(l) and Ba(ll)-H(l) on ANCeP. 
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5.2 EXPERIMENTAL 
5.2.1 REAGENTS & CHEMICALS 
All reagents and chemicals were of AnalaR grade. 
5.2.2 EQUILIBRIUM EXPERIMENTS 
A water bath Incubator shaker having a temperature variation of ± 0.5°C v^ as 
used for the equilibrium studies. 200mg of the exchanger in H*-form were shaken for 2 
hours in several stoppered conical flasks at the desired temperature (30° & 50°C) with 
20ml solution of the metal ions-Mg(ll), Ca(ll), Sr(ll) and Ba(ll), having a constant ionic 
strength (0.01 M) adjusted with the help of an appropriate amount of HNO3. The 
supernatant liquid was analysed for the metal ions and hydrogen ions volumetrically 
using standard EDTA and NaOH solution respectively as titrants. 
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5.3 RESULTS AND DISCUSSIONS 
It is dear from Fig. 5.1 that the ion-exchange equilibrium for alkaline earth metals 
was attained within 2 hours. The interaction in the system may be described as follows: 
CH + CM ^=^CM + CH (1) 
where the barred and unbanned quantities represent the equivalent concentration of the 
ion concerned in the exchanger phase and solution phase respectively. M represents the 
metal ions and H the hydrogen ions. 
The equivalent ionic fractions (XM and XH) of the counter ions in the exchanger 
phase and the corresponding values in solution (XM and XH) were calculated by the 
following expressions: 
Y - ^ Y - M 
XH=S^ . X „ = ^ 
c c 
where C and C are the total electrolyte concentrations in the solid and solution phase 
respectively. 
To examine the affinity for the interacting ions, the separation factor (ajj) was 
calculated by the following expression: 
M_ XM XH 
" H - = - • - n - (2) 
AH ^M 
The selectivity coefficient (Kc) was calculated [10] by the expression given below, 
assuming the ratio of the activity coefficient in the dilute solution to be unity [11]. 
J M [XHH (3) 
[XH]^ XM 
The various values obtained at 30° and SOX are summarized in Tables 5.1.1 to 5.1.4, 
and the exchange isotherms are shown in Fig. 5.2 and 5.3 (a-c). It is clear from Fig. 5.2 
that the Mg(ll)-H(l) exchange isotherms are of Langmuir type. 
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Table 5.1.1 Values of the equivalent ionic fractions, separation factors 
and selectivity coefficients at 30° and SOX for the Mg(ll)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
XMg 
0.10 
0.12 
0.13 
0.17 
0.20 
0.22 
0.27 
0.34 
0.50 
0.74 
0.09 
0.14 
0.16 
0.18 
0.20 
0.21 
0.29 
0.35 
0.45 
0.76 
XMS 
0.20 
0.25 
0.32 
0.45 
0.57 
0.65 
0.73 
0.78 
0.85 
0.95 
0.15 
0.25 
0.38 
0.51 
0.59 
0.66 
0.73 
0.78 
0.82 
0.95 
XH XH 
At 30°C 
0.88 
0.84 
0.83 
0.80 
0.76 
0.75 
0.74 
0.72 
0.50 
0.26 
0.43 
0.31 
0.27 
0.24 
0.19 
0.17 
0.05 
0.05 
0.04 
0.03 
At 50»C 
0.86 
0.84 
0.83 
0.52 
0.81 
0.80 
0.75 
0.71 
0.68 
0.24 
0.49 
0.41 
0.31 
0.28 
0.25 
0.22 
0.06 
0.05 
0.05 
0.03 
" H 
0.25 
0.18 
0.13 
0.11 
0.09 
0.08 
0.03 
0.03 
0.06 
0.09 
0.41 
0.26 
0.16 
0.12 
0.10 
0.09 
0.03 
0.03 
0.04 
0.11 
Kc 
0.12 
0.07 
0.04 
0.03 
0.02 
0.02 
0.00 
0.01 
0.01 
0.01 
0.22 
0.12 
0.06 
0.04 
0.03 
0.02 
0.003 
0.003 
0.004 
0.02 
logKc 
-0.92 
-1.18 
-1.38 
-1.48 
-1.68 
-1.72 
-2.72 
-2.62 
-2.26 
-1.92 
-0.65 
-0.91 
-1.22 
-1.42 
-1.52 
-1.63 
-2.56 
-2.51 
-2.41 
-1.77 
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Table 5.1.2 Values of the equivalent ionic fractions, separation factors 
and selectivity coefficients at 30° and SCC for the Ca(ll)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Xca 
0.04 
0.09 
0.16 
0.22 
0.23 
0.24 
0.25 
0.39 
0.67 
0.79 
0.12 
0.15 
0.22 
0.26 
0.47 
0.59 
0.68 
0.74 
0.80 
0.82 
Xca 
0.08 
0.14 
0.16 
0.33 
0.37 
0.47 
0.49 
0.53 
0.61 
0.73 
0.10 
0.16 
0.34 
0.42 
0.48 
0.55 
0.57 
0.64 
0.71 
0.74 
X H XH 
At 30»C 
0.96 
0.91 
0.84 
0.78 
0.77 
0.76 
0.75 
0.61 
0.33 
0.21 
0.91 
0.86 
0.83 
0.97 
0.62 
0.58 
0.51 
0.47 
0.39 
0.27 
At 50»C 
0.88 
0.84 
0.78 
0.75 
0.53 
0.41 
0.32 
0.26 
0.20 
0.18 
0.90 
0.83 
0.66 
0.58 
0.52 
0.45 
0.43 
0.36 
0.29 
0.26 
**H 
0.50 
0.59 
0.98 
0.54 
3.51 
0.42 
0.34 
0.58 
1.40 
1.46 
1.24 
0.91 
0.57 
0.51 
0.96 
1.17 
1.58 
1.60 
1.63 
1.56 
Kc 
0.45 
0.54 
0.97 
0.45 
0.42 
0.32 
0.23 
0.45 
1.55 
1.96 
1.21 
0.82 
0.48 
0.39 
0.94 
0.29 
2.11 
2.22 
2.36 
2.24 
logKc 
-0.35 
-0.28 
-0.20 
-0.35 
-0.36 
-0.49 
-0.61 
-0.35 
+0.19 
+0.29 
-0.08 
-0.07 
-0.32 
-0.41 
-0.03 
+0.11 
+0.32 
+0.35 
+0.37 
+0.35 
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Table 5.1.3 Values of the equivalent ionic fractions, separation factors 
and selectivity coefficients at 30' and 50'C for the Sr(ll)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Xsr 
0.03 
0.04 
0.06 
0.07 
0.08 
0.09 
0.09 
0.09 
0.10 
0.11 
0.02 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.09 
0.09 
0.11 
Xsr 
0.07 
0.12 
0.19 
0.27 
0.37 
0.42 
0.50 
0.51 
0.60 
0.65 
0.03 
0.05 
0.10 
0.13 
0.20 
0.27 
0.38 
0.46 
0.51 
0.50 
XH XH 
At 30»C 
0.96 
0.95 
0.93 
0.92 
0.91 
0.90 
0.90 
0.89 
0.89 
0.87 
0.95 
0.87 
0.80 
0.82 
0.62 
0.50 
0.49 
0.48 
0.38 
0.37 
At 50-C 
0.97 
0.95 
0.94 
0.93 
0.92 
0.91 
0.90 
0.90 
0.89 
0.87 
0.96 
0.94 
0.89 
0.86 
0.79 
0.72 
0.61 
0.53 
0.48 
0.49 
« H 
1.04 
0.34 
0.28 
0.22 
0.16 
0.13 
0.10 
0.09 
0.08 
0.07 
0.75 
0.88 
0.46 
0.45 
0.31 
0.25 
0.16 
0.12 
0.10 
0.13 
Kc 
1.04 
0.31 
0.24 
0.20 
0.11 
0.08 
0.05 
0.05 
0.03 
0.04 
0.74 
0.87 
0.43 
0.41 
0.26 
0.19 
0.11 
0.07 
0.05 
0.06 
logKc 
0.02 
-0.50 
-0.61 
-0.69 
-0.95 
-1.05 
-1.26 
-1.28 
-1.50 
-1.42 
-0.13 
-0.06 
-0.36 
-0.38 
-0.56 
-0.71 
-0.95 
-1.13 
-1.25 
-1.11 
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Table 5.1.4 Values of the equivalent ionic fractions, separation factors 
and selectivity coefficients at 30° and SOX for the Ba(ll)-H(l) 
exchange on acrylonitrile based cerlum(IV) phosphate. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Xea 
0.02 
0.03 
0.03 
0.04 
0.05 
0.06 
0.06 
0.08 
0.10 
0.11 
0.01 
0.03 
0.04 
0.04 
0.06 
0.06 
0.08 
0.08 
0.09 
0.11 
XB« 
0.03 
0.03 
0.06 
0.11 
0.14 
0.18 
0.24 
0.26 
0.29 
0.32 
0.02 
0.04 
0.06 
0.11 
0.14 
0.16 
0.24 
0.25 
0.29 
0.32 
XH XH 
At 30X 
0.97 
0.96 
0.96 
0.95 
0.94 
0.93 
0.93 
0.91 
0.89 
0.88 
0.96 
0.96 
0.93 
0.87 
0.85 
0.81 
0.75 
0.73 
0.70 
0.67 
At 50»C 
0.98 
0.96 
0.95 
0.94 
0.93 
0.93 
0.91 
0.91 
0.90 
0.88 
0.97 
0.95 
0.93 
0.88 
0.85 
0.83 
0.75 
0.74 
0.70 
0.67 
0.70 
1.10 
0.28 
0.26 
0.33 
0.27 
0.21 
0.26 
0.26 
0.27 
0.68 
0.83 
0.59 
0.33 
0.39 
0.33 
0.26 
0.26 
0.25 
0.25 
Kc 
0.69 
1.10 
0.27 
0.24 
0.30 
0.24 
0.17 
0.21 
0.21 
0.22 
0.67 
0.83 
0.57 
0.30 
0.35 
0.29 
0.21 
0.22 
0.19 
0.20 
logKc 
-0.16 
-0.04 
-0.56 
-0.61 
-0.52 
-0.63 
-0.75 
-0.68 
-0.67 
-0.68 
-0.17 
-0.08 
-0.24 
-0.52 
-0.45 
-0.53 
-0.68 
-0.66 
-0.72 
-0.70 
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Fig. 5.1 Plots of the amount of M(ll) ions exchanged with H(l) versus time on acrylonitrile 
based cerium(l\/) phosphate. 
O Mg(ll)- H(l) • Ca(il)-H(l) A Sr(ll)-H(l) A Ba(ll)-H(l) 
cr 
Fig. 5.2 
0 0-2 0-4 0-6 0-8 1-0 
Equivalent ionic fraction of M(ll) ions in solution (XM) 
Exchange isothemi of the Mg(ll)-H(l) exchanges on acrylonitrile based cerium(IV) 
phosphate at: 
• 30°C O 50°C 
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Fig. 5,3 Exchange isotherms of the M(ll)-H(l) exchanges on acrylonitrile based cerium(IV) 
phosphate. 
(a) Ca{ll)-H(l)at • 30°C O 50°C 
(b) Sr(ll)-H(l)at •30°C O50°C 
(c) Ba(ll)-H(l)at • 30°C O 50°C 
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They show a stronger preference for H(l) ions as compared to Mg(ll) at both the 
temperatures over the entire range of concentrations studied. However in case of Ca(ll)-
H(l) exchange, the isothemis are sigmoid and show a selectivity reversal at both the 
temperatures. It suggests that hydrogen ions are strongly preferred by ANCeP upto an 
equivalent ionic fraction of 5.7 at 30'C and upto 0.49 at SOX. Thereafter an upward 
trend is observed for the Ca(ll) ions. 
In case of Sr(ll)-H(l) and Ba(ll)-H(l) exchanges the reverse is true i.e. Sr(ll) and 
Ba(ll) ions are adsorbed preferably by the exchanger phase at all concentrations, the 
preference being higher at 50°C. It is supported by the values of the separation factors 
and selectivity coeffidents (Tables 5.1.1 to 5.1.4). 
Since it is an ion-exchange process, the thermodynamic equilibrium constants 
(K) were obtained [12] from the relationship: 
InK =(ZA -ZB )+J InKc d XM (4) 
0 
where ZA and ZB are the valencies of the competing ions. The integrals were evaluated 
from the areas under the curves of Fig. 5.4(a,b) and 5.5(a,b) using trapezoidal rule [13]. 
The resultant K values are given in Table 5.2. 
A comparison of the K values for the different exchanges studied shows the 
following sequence of selectivity at both the temperatures (30° & SO^C). 
Mg(ll)<Ca(ll)<Sr(ll)<Ba(ll) 
The standard free energies of exchange (AG") for the interaction (equation 1) 
were calculated from the relationship [14]. 
AG"' = -RTInK. (5) 
w/here R is the universal gas constant and T is the temperature in degree Kelvin. 
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0-8 
Fig.5.4 Plots of log Kc versus XM for M(ll)-H(l) exchanges on acrylonitrile based cerium(l\/) 
phosphate. 
(a) Mg(ll)-H{l) at • 30°C O 50°C 
(b) Ca(ll)-H(l) at • 30°C O 50°C 
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Fig. 5.5 Plots of log Kc versus XM for M(ll)-H(l) exchanges on acrylonitrile based cerium(IV) 
phosphate. 
(a) Sr(ll)-H(l)at • 30°C O 50°C 
(b) Ba(ll)-H(l) at • 30°C O 50°C 
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The standard enthalpy change (AH") were calculated from the Van't Hoff 
isochore: 
In 
AH" 
R 
" 1 r 
J2 T, 
.(6) 
.(7) 
and the standard entropy change (AS") by the following equation: 
AG" = AH° - TAS° 
Table 5.2 summarizes these values. 
Table 5.2 Values of some themriodynamic parameters for the Mg(ll)-H(l), Ca(ll)-H(l), 
Sr(ll)-H(l) and Ba(ll)-H(l) exchanges at 30° and 50'C on acrylonltrile 
based cerium (IV) phosphate. 
Thermodynamic 
Parameters 
K 
AG" (KJmor^) 
AH° (KJmor^) 
AS" (KJmor^  deg-^ ) 
Values for the systems 
Mg(ll)-H(l) 
SO'C 50*C 
0.07 0.12 
6.70 5.63 
19.40 
0.04 
Ca(ll)-H(l) 
acc sec 
2.12 2.54 
-1.90 -2.50 
7.39 
0.03 
Sr(ll)-H(l) 
sec sec 
2.52 2.56 
-2.33 -2.51 
0.60 
9.69 
Ba(ll)-H(l) 
see 50°C 
2.57 2.59 
-2.40 -2.55 
0.35 
8.90 
A positive value of AG° for the Mg(ll)-H(l) interaction at both the temperatures 
indicate that ANCeP has a lower preference for Mg(ll) than for H(l) ions. However, in 
case of the Ca(ll), Sr(ll) and Ba(ll) exchanges with H(l) ions the reverse is true. A 
negative standard free energy change for these interactions means that these metal ions 
are preferably adsorbed on ANCeP than the H(l) ions, and the preference increases at a 
higher temperature. A positive enthalpy change indicating an endothermic process, also 
confirms this view. Positive values of standard entropy change suggest that the metal 
ions are less strongly bound to the exchanger site as compared to the H(l) ions. 
For an ideal solid i.e. the one for which there is no significant interaction between 
ions and the neighbouring sites, and if all exchange sites are alike, the surface phase 
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activity coefficient must be unity. However, there are deviations from the ideality in the 
exchanger phase as evidenced from the variation in the selectivity coefficient with the 
composition of the exchanger phase. The activity coefficients of the metal (II) and H(l) 
ions were calculated [15,16] from the following expressions: 
_ '^ " _ 
InfM =(XM-1)lnKc - jInKc d XM (8) 
0 
In fH = XM In Kc - j in Kc d XM (9) 
0 
The values thus obtained are tabulated in Tables 5.3.1 to 5.3.4. 
For Mg(ll)-H(l). Ca(ll)-H(l). Sr(n)-H(l) and Ba(ll)-H{l) exchanges the fw values 
are greater than unity and generally increase with the increase in the XM values at both 
the temperatures. Further, a variation of fn values is observed in all the cases indicating 
a heterogeneity in the distribution of ions on ANCeP surface during the ion-exchange 
process, similar to that of the inorganic ion-exchangers reported eariier [17,18]. 
To further examine the deviation of these heterogeneous systems from ideality, 
the excess themiodynamic functions for these systems were calculated [19, 20] from-the 
expressions: 
A G ; =RTXM[lnfM +XMlnfH] (10) 
AHi=-RT2 V r^lnfM^l XM' ** + AH 
ffT ) { ffT .(11) 
A G ; ^ = A H ; ^ - T A S ^ (12) 
where AG^, AH^ and TASJ^  are the excess free energies, enthalpies and entropies of 
mixing (Tables 5.4.1 and 5.4.2). It is clear from these tables that the values of the excess 
free energy change are positive for all the process at both the temperatures studied, 
indicating that the heterogeneous mixtures of Mg(ll)-H(l), Ca(ll)-H(l), Sr(ll)-H(l) and 
Ba(ll)-H(l) ions during the exchange are less stable as compared to the pure homoionic 
forms. 
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Table 5.3.1 Values of the activity coefficients at 30° and 50'C for the A4g(IJ)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
XMS 
0.10 
0.12 
0.13 
0.17 
0.20 
0.22 
0.27 
0.34 
0.50 
0.74 
Values at SCC 
fMg 
6.65 
11.05 
16.39 
19.95 
29.09 
32.75 
208.90 
177.30 
177.00 
94.32 
fH 
0.82 
0.75 
0.71 
0.68 
0.61 
0.58 
0.35 
0.39 
0.61 
0.94 
Values at 50<*C 
XM8 
0.09 
0.14 
0.16 
0.18 
0.20 
0.21 
0.29 
0.35 
0.45 
0.76 
fm 
3.87 
6.18 
11.06 
11.66 
19.84 
25.43 
137.20 
142.10 
104.20 
49.58 
fH 
0.88 
0.78 
0.65 
0.69 
0.63 
0.62 
0.33 
0.38 
0.36 
0.71 
Table 5.3.2 Values of the activity coefficients at 30° and 50°C for the Ca(ll)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
. 
Xca 
0.04 
0.09 
0.16 
0.22 
0.23 
0.24 
0.25 
0.39 
0.67 
0.79 
Values at 30°C 
fc. 
1.27 
1.12 
1.10 
1.92 
0.13 
2.91 
2.25 
0.19 
1.15 
1.13 
fH 
1.01 
1.02 
1.05 
0.92 
0.90 
0.82 
0.70 
0.96 
2.03 
2.11 
Values at SOX 
Xc« 
0.12 
0.15 
0.22 
0.25 
0.47 
0.59 
0.68 
0.74 
0.80 
0.82 
f c 
1.35 
1.78 
2.03 
2.54 
1.30 
1.10 
0.95 
0.98 
0.93 
0.93 
fH 
1.01 
1.03 
0.91 
0.84 
1.30 
1.49 
1.93 
2.00 
2.02 
2.03 
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Table 5.3.3 Values of the activity coefficients at 30° and 50*0 for the Sr(ll)-H(l) 
exchange on acrylonitrile based cerium(IV) phosphate. 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Xsr 
0.03 
0.04 
0.06 
0.07 
0.08 
0.09 
0.09 
0.09 
0.10 
0.11 
Values at 30»C 
fsr 
0.95 
3.02 
3.74 
4.44 
7.59 
9.11 
13.98 
14.43 
22.42 
18.24 
fH 
1.00 
0.95 
0.92 
0.89 
0.83 
0.80 
0.76 
0.75 
0.71 
0.69 
Values at SOX 
Xsc 
0.02 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.09 
0.09 
0.11 
fsr 
1.33 
1.13 
2.24 
2.26 
3.37 
4.47 
7.44 
10.52 
13.43 
9.75 
fH 
0.99 
0.98 
0.95 
0.94 
0.91 
0.87 
0.82 
0.78 
0.76 
0.75 
Table 5.3.4 Values of the activity coefficients at 30" and 50''C for the Ba(ll)-H(l) 
exchange on acrylonitrile based cerium (IV) phosphate. 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
Xea 
0.02 
0.03 
0.03 
0.04 
0.05 
0.06 
0.06 
0.08 
0.10 
0.11 
Values at SOX 
fsa 
1.43 
1.10 
3.49 
3.93 
3.12 
3.91 
5.14 
4.29 
4.07 
4.04 
fH 
0.99 
0.98 
0.96 
0.95 
0.94 
0.92 
0.90 
0.89 
0.87 
0.84 
Values at 5 0 X 
Xfla 
0.01 
0.03 
0.04 
0.04 
0.06 
0.06 
0.08 
0.08 
0.09 
0.11 
fe. 
1.48 
1.20 
0.59 
3.15 
2.66 
3.12 
4.22 
4.09 
4.43 
4.22 
fn 
0.99 
0.98 
1.02 
0.95 
0.94 
0.92 
0.89 
0.88 
0.87 
0.85 
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Table 5.4.1 Values of the excess free energies, enthalpies and entropies of mixing 
at 30° and 50°C for the Mg(ll)-H(l) and Ca(ll) - H(l) exchanges on 
acrylonitrile based cerium(IV) phosphate. 
SI. 
No. 
Values at SO'C 
(KJmor^) 
AHU 
(KJmor^) (KJmor deg" )^ 
Values at SO^ C 
(KJmor^) 
AH;I 
(KJmor^) (KJmor^ deg" )^ 
iVlg(ll)-H(l) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
0.04 
0.15 
0.22 
0.53 
0.73 
0.90 
1.64 
2.69 
5.30 
8.31 
3.50 
3.18 
0.58 
2.75 
1.34 
0.06 
2.10 
2.29 
-6.28 
11.87 
0.01 
0.01 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
-0.06 
0.01 
0.03 
0.12 
0.10 
0.35 
0.61 
0.81 
1.63 
2.87 
3.76 
7.78 
3.89 
3.97 
-0.29 
3.35 
-0.72 
1.66 
2.75 
3.48 
14.52 
19.37 
0.01 
0.01 
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.04 
0.04 
Ca(ll) - H(l) 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
0.04 
0.07 
0.14 
0.20 
0.25 
0.27 
0.31 
0.71 
0.81 
0.64 
0.14 
0.04 
0.34 
0.08 
0.15 
0.52 
1.70 
0.88 
5.98 
5.95 
0.00 
0.00 
0.00 
0.00 
0.00 
0.01 
0.01 
0.01 
0.02 
0.02 
0.10 
0.07 
0.22 
0.31 
0.70 
0.59 
0.47 
0.27 
0.25 
0.19 
-0.31 
0.42 
0.09 
0.74 
3.83 
9.24 
6.39 
8.05 
6.80 
7.33 
0.00 
0.00 
0.00 
0.00 
0.01 
0.03 
0.02 
0.02 
0.02 
0.02 
, 
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Table 5.4.2 Values of the excess free energies, enthalpies and entropies of mixing 
at 30° and 50'C for the Sr(ll)-H(l) and Ba(ll) - H(l) exchanges on 
acrylonitrile based cerium(IV) phosphate. 
SI. 
No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
(KJmor^) 
-0.01 
0.07 
0.25 
0.42 
0.32 
0.15 
0.01 
0.10 
0.29 
0.60 
0.04 
0.03 
0.02 
0.02 
0.25 
0.05 
0.12 
0.37 
0.34 
0.35 
Values at aO'C 
(KJmor^) 
-0.70 
-3.38 
-2.53 
-3.78 
-5.48 
-5.39 
-4.57 
-2.15 
-4.19 
-5.63 
-0.03 
-0.17 
-4.39 
-0.36 
-0.35 
-0.62 
-0.65 
-0.37 
-0.46 
-0.19 
(KJmor^ deg" )^ 
AGH, 
(KJmor^) 
Sr(ll)-H(l) 
-2.30 
-11.17 
-8.43 
-12.51 
-18.18 
-17.83 
-15.07 
-7.12 
-13.92 
-18.76 
Ba(ll)-H 
0.13 
0.58 
14.47 
1.22 
1.25 
2.07 
2.21 
1.34 
1.66 
0.75 
0.05 
0.04 
0.03 
0.16 
0.10 
0.18 
0.16 
0.12 
0.04 
0.74 
1) 
0.03 
0.05 
0.01 
0.02 
0.27 
0.04 
0.21 
0.13 
0.17 
0.36 
Values at SCC 
(KJmor^) (KJmor^ deg'^) 
-0.70 
-3.88 
-2.65 
-4.22 
-5.92 
-5.96 
-5.21 
-2.46 
-4.66 
-6.45 
-2.18 
-12.02 
-8.15 
-13.11 
-18.35 
-18.49 
-16.16 
-7.65 
-14.42 
-20.18 
-0.04 
0.20 
5.21 
0.45 
0.46 
0.77 
0.85 
0.42 
0.53 
0.22 
0.13 
0.65 
0.13 
1.39 
1.47 
2.41 
2.70 
1.34 
1.68 
0.79 
138 
The enthalpies and entropies of mixing for the Mg(ll)-H(l) and Ca(ll)-H(l) 
exchanges are positive at both the temperatures. However for Sr(ll)-H(l) exchange 
these values are negative, while for Ba(ll)-H(l) exchange no definite order is found. This 
indicates a higher binding strength of the ion mixture as compared to a single ion. It is in 
accordance with the work of Howery and Thomas [16] for the ion exchange on the 
mineral clinoptilotite. A comparison of these values at both the temperatures suggests 
that Sr(ll) and Ba(ll) are the most strongly bound ions at 30" and SO'C respectively. 
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Abstract 
Acrylonitrile based cerium (IV) phosphate ha> been synthesized as a new fibrous ion-exchanger. It has been 
characterized using X-ray, IR. TGA and DTG studies in addition to its ion-exchange capacity, elution behaviour, 
pH titration and distribution behaviour. Separation factors and K^ values for various metal ions have also been 
determined and a marked selectivity for Hg-' has been found. As a consequence, some binary separations of metal 
ions have been performed on a column of this material, demonstrating its analytical potential. © 1998 Elsevier Science 
B.V. All rights reserved. 
Keywords: Acrylonitrile; Cerium (IV) phosphate: Fibrous ion-exchanger; Ion-exchange 
1. Introduction 
Fibrous ion-exchangers exhibit a high efficiency 
in the process of sorption from gaseous and liquid 
media [1-5] and hence they have drawn the atten-
tion of researchers, particularly environmentalists. 
These materials consist of monofilaments of uni-
fonn size ranging in diameter between 20 and 
300 \aa. Their main advantage is that they can be 
produced in various forms, such as staples, cloth, 
and non-woven materials, opening up many possi-
bilities for new technological processes. The small 
diameter of monofilaments and the uniformii\ of 
their thickness provide a high rate and efficiency 
of ion-exchange processes. Although granular ion-
exchangers ensure very favourable parameters for 
the ion-exchange processes, their application in 
large scale processes is hardly possible because of 
the high resistance of filtering layers. This difficulty 
is eliminated when fibrous ion-exchange materials 
are used since the layer resistance is easily predeter-
mined by the density of a fibrous material packing 
in accordance with technological requirements. It 
is for this reason that the ion-exchange fibres are 
of great importance nowadays [6-9]. 
Recently, some efforts have been made in our 
laboratories to synthesize new hybrid types of ion-
exchange materials, i.e. obtained by the combina-
tion of organic polymeric species and inorganic 
ionogenic groups. Polystyrene, polyacrylonitrile 
and polyvinyl alcohols, when combined with the 
polybasic inorganic acid salts, have produced 
materials possessing promising ion-exchange char-
acteristics and better stability than their inorganic 
counterparts. The present paper summarizes our 
studies on a new, fibrous and crystalline acryloni-
trile based cerium (IV) phosphate (AGP) ion-
exchanger. Acrylic fibres are very well known man-
0927-7757/98/$ - see front matter t-1998 Elsevier Science B.V. All rights reserved. 
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made fibres, while cerium (IV) phosphate has been 
produced earlier as an inorganic ion-exchanger 
[10] possessing fibrous properties. 
2. Experimental 
2.1. Reagents and chemicals 
Ceric sulphate [Ce( 804)2] and acrylonitrile 
(CH;CHCN) were obtained from CDH (India) 
while phosphoric acid (H3PO4) was a Qualigens 
(India) product. All other reagents and chemicals 
were of Analar grade. 
2.2. Instruments/apparatus used 
Spectrophotometric determinations were carried 
out on an Elico SL 151 UV vis spectrophotometer, 
while pH measurements were performed using an 
Elico Model LI-10 pH meter. X-ray diffraction 
studies were made on a Philips Analytical X-ray 
B.V. diffractometer type PW170 B.V. and IR 
studies were carried out by the KBr disc method. 
For TGA/DTG a Cahn thermobalance Model 
2050 was used. A Shimadzu AA-640 atomic 
absorption spectrophotometer was used for the 
determination of Ce(IV). 
2.3. Preparation of the reagent solutions 
Solutions of ceric sulphate were prepared in 
0.5 M H2SO4 and those of acrylonitrile were pre-
Table 1 
Ion-exchange capacity of acrylonitrile based cerium < IV) phos-
phate for various metal solutions 
Metal solution Ion-exchange capacity 
(meq/dry g) 
LiCI 
NaNOj 
KCl 
Ca(N03)2 
Sr(N03)j 
BaCU 
2.56 
2.86 
2.15 
4.0 
3.1 
2.76 
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Fig. ?. Histograms showing the elution behaviour of acr>loni-
trile based cenum (IV) phosphate. 
pared in ethanol. A 6 M solution of phosphoric 
acid was prepared in demineralized water. 
2.4. Synthesis of the ion-exchange material 
A number of samples were prepared by adding 
one volume of 0.05 M Ce(S04)2 solution in two 
\olumes of a (1:1) mixture of 6 M HjPOj and 
acrylonitrile (0.05-10%) dropwise with constant 
stirring using a magnetic stirrer, at a temperature 
of 70 ±5 C. The resulting slurry obtained under 
these conditions was stirred for 4 h at this temper-
ature, then filtered, and washed free of sulphate 
ions with demineralized water (pH~4). Finally, 
the slurrN was dried at room temperature, resulting 
in a sheet, which was cut into small pieces and 
converted into H^-form by treating with 1 M 
HNO3 for 24 h with occasional shaking and 
intermittently replacing the supernatant liquid with 
fresh acid. The material thus obtained was then 
washed with demineralized water to remove the 
excess acid before drying finally at 45 C, and 
sieved to obtain particles of size 50-70 mesh. Fig. I 
indicates the maximum ion-exchange capacity of 
the material when 76 mmoles of acrylonitrile were 
added to a 1:1 v/v mixture of 6 M H3PO4 and 
0.05 M Ce(S04)2. This sample was therefore 
selected for further studies. 
2.5. Ion-exchange capacity (i. e. c.) 
The ion-exchange capacity of the sample was 
determined as usual by the column process taking 
1 g of the material (H*-form) in a glass tube of 
internal diameter ~ 1 cm. fitted with glass wool at 
its bottom. 250 ml of 1 M NaNOj solution was 
used as eluant, maintaining a very slow flow rate 
Table 2 
Thermal stabilit> of acrylonitrile based cerium (IV) phosphate after heating to various temperatures for 1 h 
Drying temperature ("C) Na* ion-exchange 
capacity (meq/dr\' g) 
Change in colour % Retention of i.e.c. 
45 
100 
200 
400 
600 
2.86 
2.82 
0.40 
0.20 
0.10 
\er\' light yellow 
\ery light yellow 
brown 
cream 
cream 
100.00 
98.60 
13.98 
7.00 
3.50 
74 KG. Varslmcv el III. Collouh Sw Lua A Pliwsicoclicm Eiig. Aspects 145 (IWH)''I HI 
100 
87.5 
75 
62.5 
5ft 
\ / 
\ / 
\ / 
\ ' 
\ 
1 
/ 
/ 
\ ' 
\ / 
.\ / 
\ / 
\ / 
\ / 
" \ / 
w 
1 ' 
/ 
1 
^^  -^'^ 
FROM: 50.7°C 
TO: J27.26C 
7.CHANGE = 16.197 
•/. 62.837 „ 
FR0M:127.26C 
T0:497.«4C 
•(.CHANGE: 13.079 
1 1 1 
OTG 
T6A 
1 1 
60.00 110.00 160.00 210.00 260.00 310.00 360.00 410.00 460.00 510.00 
T*mp«ratur* ( C) 
Fig. 4. TGA and DTG cur\e> of aenlonitrile based cerium (IV) phosphate. 
Table 3 
X-ray diffraction data of acrylonitrile based cerium (IV i phosphate 
SI No. Angle (20) rf-Value 1 (A) rf-Value2(A) Peak width 
CO) 
Peak int. 
(counts) 
Back int. 
(counts) 
Rel. int. (%) Significance 
1 
2 
3 
4 
5 
6 
7 
14.435 
22.325 
30.145 
39.695 
55.775 
64.890 
73.885 
7.7049 
5.0003 
3.7226 
2.8512 
2.0696 
1.8044 
1.6106 
7.7206 
5.0105 
3.7301 
2.8570 
2.0738 
1.8080 
1.6139 
0.240 
0.320 
0 120 
0.240 
0 320 
0.060 
0.120 
9 
6 
8 
7 
2 
973 
4 
7 
5 
7 
5 
4 
4 
2 
0.9 
0.6 
0.9 
0.7 
0.2 
100.0 
0.4 
2.43 
1.04 
1.28 
1.08 
0.88 
2.69 
0.80 
(~0.5 ml min"'). The effluent was titrated against 
a standard alkali solution to determine the total 
H* ions released. Table 1 summarizes the i.e.c. of 
the material for various metal ions. 
2.6. Elution behaviour 
The extent of elution was found to depend upon 
the concentration of the eluant. Hence a fixed 
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volume (250 ml) of the NaNOj solution of varying 
concentrations was passed through the column 
containing 1 g of the exchanger and the effluent 
was titrated against a standard alkali solution for 
the H"^  ions eluted out. Fig. 2 shows the variation 
of the H* ions eluted out with the different concen-
trations of the eluant. 
The optimum concentration of the eluant for a 
complete elution of H* ions in 250 ml NaNOa 
solution was found to be 1 M. Then a similar 
column containing 1 g exchanger was eluted with 
a NaNOa solution of 1 M concentration in 
different 10 ml fractions with minimum flow rate 
as described above. This experiment was conducted 
to find out the minimum volume necessary for a 
complete elution of H* ions, which reflects the 
efficiency of the column. Fig. 3 shows the elution 
behaviour of the exchanger. 
2.7. Thermal studies 
1 g samples of the material were heated at 
various temperatures for 1 h each in a muffle 
furnace and their ion-exchange capacity was deter-
mined by the column process after cooling to room 
temperature. The results are summarized in 
Table 2. Fig. 4 shows the TGA and DTG curves 
of the material. 
2.8. Composition 
250 mg of the sample was dissolved in 25 ml of 
4 M H2SO4 solution. Cerium (IV) was determined 
by atomic absorption spectrophotometry, while 
phosphate was determined spectrophotometrically 
by the phosphovanado molybdate method [11] 
as follows. 
To the 10 ml of sample solution, taken in a 
100 ml voltunetric flask, were added 50 ml of 
demineralized water, 10 ml of ammonium vana-
date solution (1.25g ammonium vanadate dis-
solved in 250 ml DMW-l-20ml concentrated 
HNO3, diluted to 500 ml) and 10 ml anunonium 
molybdate solution (12.5 g ammonium molybdate 
dissolved in 250 ml DMW). It was then diluted 
up to the mark before taking its absorbance at 
76 K.G. Varshnex el al. / Colloids Surfaces A: Physicochem. Eng. Aspects N5 (1998) 71-81 
74 
72 
70 
68 
66 
64 
c 62 
o 
1 60 
§ 5 8 
3 56 
• 
54 
52 
SO 
46 
46 
44 
— 
-
-
-
-
\ f" / \ «^  / \ >» / \tn 1 
v/ 
1 V 
/ 1 
/ 1 
/ «> 
/ -o* 1 " 
1 ' 
2500 2000 1500 
Wav»numb*rs (cm-^) 
3500 3000 
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1000 500 
460 nm against a reagent blank prepared in the 
same manner. 
2.8.1. Elemental analysis 
Elemental analysis was carried out using a 
Carlo-Erba 1106 elemental analyser to determine 
the carbon, hydrogen and nitrogen contents of 
the sample. 
2.9. Chemical stability 
250 mg portions of the material were kept in 
25 ml portions of the various mineral acids, bases 
and salt solutions of different concentrations for 
24 h each, with intermittent shaking. The superna-
tant liquid was analysed for the cerium (IV) and 
phosphate contents by the methods mentioned 
above. 
2.10. pH titration 
pH titrations were performed both by the equi-
librium and non-equilibrium methods, as detailed 
below. 
2.10.1. Equilibrium method 
Topp and Pepper's method [12] was followed 
for this purpose. Various 500 mg portions of the 
exchanger in H'*^ -form were placed in each of the 
several 250 ml conical flasks containing equimolar 
solutions of alkaU metal chlorides and their 
hydroxides in different volume ratios, the total 
KG. Varslmcy et al. I Colloids Surfaces A: Physicochem. Eiig. Aspects 145 (1998) 71-81 77 
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volume being kept at 50 ml to maintain the ionic 
strength constant. The pH of the solution was 
recorded after keeping the mixture at room temper-
ature for six days to attain equilibrium. It was 
plotted against the milli-equivalents of 0H~ ions 
added, and the results are shown in Fig. 5(a). 
2.10.2. Non-equilibrium met hod 
500 mg of the exchanger was mixed with 100 ml 
of 0.01 M salt solution (NaCl, KCl and LiCl). 
This mixture was kept for 1 h and titrated against 
0.01 M solution of the respective alkali, recording 
the pH of the solution after each addition of 2.0 ml 
of the titrant till the pH becomes constant. The 
back titration was then canied out by adding the 
same fraction of 0.01 M HNO3 to the solution. 
These results are summarized in Fig. 5(b). 
2.11. IR studies 
The IR spectrum was taken by the KBr disc 
method and is given in Fig. 6. 
2. J2. X-ray studies 
Fig. 7 shows the X-ray diffraction pattern of the 
material. Table 3 summarizes the results of these 
studies. 
2.13. Distribution studies 
200 mg of the exchanger in H*-form were kept 
in 20 ml of the solvent for 24 h, with intermittent 
shaking to attain equilibrium. The initial metal ion 
concentration was so adjusted that it did not 
exceed 3% of the total ion-exchange capacity of 
the material. The pH of the pure acid solutions 
was kept as 0-2, while that of the alcohols was 
maintained as 6-7. The metal ions in the solutions 
before and after equilibrium were determined by 
EDTA titration [13] and the distribution coeffi-
cients, Ka, were calculated by the formula: 
I-F V 
F M 
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Table 4 
Ki values of metal ions on acrylonitnle based i.erium (IV) phosphate in DMW perchloric acid, nitric acid and hydrochloric acid media 
Metal ions* 
Mg(n) 
Ca(II) 
Sr(II) 
Ba(II) 
Pb(H) 
Mn(II) 
Cd(n) 
C u d D 
Fe(III) 
AI(III) 
Co(U) 
Hg(II) 
Ni(II) 
Zn(II) 
Cr(lII) 
DMW 
83 33 
150 00 
233 33 
SO 00 
100 00 
225 00 
33 33 
100 00 
2000 
1400 00 
233 33 
300 00 
100 00 
66 66 
92 00 
HCIO, 
0 01 M 
83 33 
150 00 
66 66 
100 00 
66 66 
225 00 
300 00 
100 00 
200 00 
650 00 
66 66 
300 00 
66 66 
42 85 
2162 
01 M 
7^ SO 
42 85 
42 S5 
SO 00 
42 85 
8S-1 
60 00 
60 00 
50 00 
200 00 
42 85 
300 00 
66 66 
2S00 
25 00 
1 M 
1666 
25 00 
11 11 
20 00 
25 00 
62 50 
14 28 
14 28 
20 00 
87 50 
25 00 
300 00 
25 00 
11 11 
2162 
HNOj 
001 M 
83 33 
150 00 
100 00 
200 00 
2'U3 
3^U3 
100 00 
11666 
500 00 
87 50 
150 00 
300 00 
66 66 
66 66 
33 33 
OlM 
37 50 
66 66 
25 00 
50 00 
150 00 
85 71 
33 33 
100 00 
200 00 
36 36 
100 00 
MX) 00 
42 85 
2500 
28 59 
1 M 
1000 
11 11 
11 11 
20 00 
66 66 
30 00 
14 28 
60 00 
50 00 
25 00 
66 66 
300 00 
11 11 
II II 
25 00 
HCI 
0 01 M 
175 00 
150 00 
150 00 
200 00 
150 00 
160 00 
11666 
60 00 
500 00 
1400 00 
150 00 
300 00 
100 00 
25 00 
28 70 
01 M 
120 00 
66 66 
66 66 
100 00 
100 00 
11666 
100 00 
33 33 
100 00 
650 00 
42 85 
300 00 
66 66 
II 11 
28 57 
1 M 
37 50 
25 00 
25 00 
50 00 
66 66 
85 71 
33 33 
14 28 
50 00 
200 00 
25 00 
300 0 
25 00 
11 11 
1840 
* The salts of the cations were taken as nitrates except for Ba(II) Mn(II) and Fe(III) which were taken as their chlondes 
Table 5 
Binary separations of metal ions achieved on acrvlonimle based cerium (IV) phosphate columns 
SI No Separation achieved Amount loaded (^g) Amount found ((tg) Error (%) Eluant used 
1 
2 
3 
4 
5 
6 
Ml M2 
Mg(II)-Hg(II) 
Pb(II)-Hg(II) 
Zn(II)-Hg(II) 
P(II)-Cd(II) 
Zn(II)-Cd(II) 
Cd(II)-Hg(II) 
Ml M2 Ml M2 Ml M2 
Volume of 
eluant (ml) 
425 25 3500 413 1 3300 -2 85 -5 7 
3833 2 3500 37814 3600 -135 -1-2 28 
817 12 3500 817 12 3450 0 0 -14 
3833 2 1067 8 3729 6 1067 8 -2 7 0 0 
849 81 1067 S 849 81 1095 9 0 0 -(-2 63 
10959 3500 10959 3400 00 -285 
Mg 0 01 M HCI 
Hg 1 M NH4CI 
-1-1 M HCI 
Pb 0 1 M HCIO4 
Hg lMNH4a 
-1-1 M HCI 
Zn OOIMHCIO, 
Hg 1 M NH4CI 
+ l M H a 
Pb 0 1 M HCIO4 
Cd IMHNO3 
Zn 0 01 M HCIO4 
Cd 1 M HNO3 
Cd IMHNO3 
Hg- 1 M NH4a 
-1-1 MHQ 
40 
50 
50 
50 
60 
50 
50 
30 
40 
50 
40 
50 
where / and F are the initial and final amounts of 
the metal ion in the solution phase, V the volume 
(ml) of the solution, and M the amount (g) of the 
exchanger. Tables 4 and 8 summanze the results 
2 14 Separations achieved 
Several binary separations were tned using a 
column of i.d. ~0 6cm contaimng 2g of the 
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u 
1.2 
1.0 
aa 
ae 
aA 
0.2 
0.0 
' |sPb(i i) 
• ' ft 
R H Q ( I I ) 
• > i 
20 40 60 60 100 120 20 40 60 60 100120 UO 
Hg(ll) 
20 40 60 80 100 120 0 20 40 60 60 100 120 
Volum* of eff (uent(in() 
0 20 40 60 60 100 120 
^ 
Fig. 8. Separation of Mg^* from Hg^*; Pb^* from Hg^^ Zn^* from Hg^*; Pb^* from Cd^*; Zn^* from Cd'*; and Cd^* from 
Hg^ "^  on acrylonitrile based cerium (IV) phosphate columns: (a) 0.01 M HQ; (b, d, f, I) 1 M NH4CI+I M HCI; (c, g) 0.1 M 
HCIO4; (e, i) 0.01 M HCIO4; (h, j , k) 1 M HNO3. 
material. The column was washed thoroughly with 
demineralized water and the mixture to be sepa-
rated was loaded on it, maintaining a flow rate of 
~2-3 drops min~' (0.15 ml min"'). The separa-
tion was achieved by passing a suitable solvent 
through the column as eluail^ and the metal ions 
in the effluent were determined quantitatively by 
EDTA titrations. Table 5 and Fig. 8 give the salient 
features of the separations. 
3. Results and Discussion 
The most important feature of the material 
prepared in these studies has been its exceedingly 
good ion-exchange capacity for Na"^  ions 
(2.86 meq/dry g). It is much higher than the i.e.c. 
generally shown (1-2 meq/dry g) by the inorganic 
ion-exchangers reported so far. Further, the mate-
rial is obtained in the form of a sheet. As is clear 
from Table 6, its chemical stability is also high. It 
can withstand the effect of acids and bases to a 
great extent. However, its thermal stability appears 
to be less than the normal inorganic ion-exchangers 
obtained so far. It retains 98% of its ion-exchange 
capacity when heated up to 100°C only, beyond 
which the material decomposes. It may perhaps be 
due to the presence of the organic part in its 
structure. 
The elution behaviour indicates that the 
exchange is quite fast and almost all the H"^  ions 
are eluted out in the first 180 ml of the effluent 
from a column of 1.0 g exchanger (Fig. 3). The 
optimum concenf^tion of the eluant was found 
to be 1 M (Fig. 2) for a complete removal of H* 
ions from the above column. Moreover, the 
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Table 6 
Chemical stability of acrylonitrile based cerium (IV) phosphate 
in various acid, alkali and salt solutions 
Solvent (25 ml) 
IMHCl 
2MHC1 
4MHC1 
1 M HNOj 
2 M HNO3 
4 M HNO3 
1 M H2SO4 
2 M HjS04 
2 M NaNOj 
2 M KNO3 
0.1 M NaOH 
0.05 M NaOH 
0.1 M KOH 
0.1 M NH4OH 
0.5 M NH4OH 
Amount dissolved (mg) 
Cerium 
0.287 
0.300 
0.325 
0.180 
0.265 
0.550 
0.600 
0.650 
0.033 
0.350 
0.135 
0.157 
0.103 
0.213 
0.113 
Phosphate 
0,275 
0.475 
0.625 
0.575 
0.675 
0.750 
0.800 
0.850 
0.500 
0.575 
0.700 
0.675 
0.675 
0.700 
0.675 
exchange takes place in one step as indicated by 
the pH titration curves obtained under equilibrium 
conditions [Fig. 5(a)] for LiOH LiCl, NaOH/NaCl 
and KOH/KCI exchanges. The system contains 
phosphate as the ionogenic group, the correspond-
ing acid of which, i.e. phosphoric acid, has the 
three p^ , values (pA,,, pA,2, pK,^) 2.12, 7.21 and 
12.30. Thus, it is evident that the first ionization 
of this acid is very much faster compared to the 
other two, pointing to the fact that, for all practical 
purposes, the release of H**^  ions might have taken 
place only in one step. The three pA, values for 
arsenic acid are 2.25, 6.77 and 11.60 respectively. 
Thus heavy metal arsenates also show a similar 
behaviour as reported in the literature [14,15]. In 
case of silicic acid the pK, values are 9.70 and 
12.00. However, the silicates again show a mono-
functional behaviour [16], probably due to the 
fact that the first ionization, although weak, is 
approximately 1000 times stronger than the second 
one. A fast release of the H" ions in aqueous 
media is also observed, as indicated by the low 
pH (~2) of the salt solution in which the material 
is put for some time. The adsorption behaviour 
for alkali metals was observed to be in the order 
K(I)>Na(I)>Li(I) in acidic pH. It is reversed 
to Li(I)>K(I)>Na(I) in the basic media. Under 
non-equilibrium conditions the pH-titration 
curves are shown in Fig. 5(b). They are, obviously, 
different from the ones obtained under equilibrium 
conditions [Fig. 5(a)]. 
On the basis of its chemical analysis (Table?), 
the molar composition of Ce:P:CH2CHCN in the 
material was found to be 1:3:3, which tentatively 
suggests the following formula: 
[(CeO,)(H3P04)3(CH2CHCN)3]/iH20 
The TGA curve (Fig. 4) shows a 16% loss of 
weight up to ~ 12"'C, which may be due to the 
removal of external water molecules "/i" from the 
exchanger. The value of "n" was found to be 6.6 
using Alberti et al.'s equation [17]: 
18« = ioo 
where X is the percentage weight loss in the 
exchanger on heating up to 127°C and (Af-I-18/7) 
is the molecular weight of the material. Beyond 
127''C the condensation of the material must have 
started, resulting in dehydration due to the removal 
of the strongly coordinated H2O molecules from 
the framework of the exchanger, which continues 
up to 497°C where the weight becomes almost 
constant. It also in\ olves the production of Ce02 
at450-C[18]. 
The IR studies confirm the presence of metal-
oxides and metal-hydroxides in the material. The 
metal-oxygen and metal-hydroxide bands are 
observed at 618.46 cm"', while bands at 
501 cm"* and 1060 cm"' indicate the presence of 
phosphate group. The presence of external water 
molecules is also indicated by the band at 
1633.57cm"', in addition to its usual range 
Table 7 
Composition of acrylonitrile based cerium (IV) phosphate 
Weight of Millimoles of the components Mole ratio 
exchanger (Mg) 
Ce PO4 C H N 
250 0.368 1.19 0.64 1.0 0.24 1:3:3 
The table indicates that in the acrylonitrile molecule at three 
carbon atoms, one nitrogen atom is present. Therefore three 
nitrogen atoms were present at nine carbon atoms. This indi-
cates that three molecules of acrylonitrile are present in the 
tentative formula. 
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Table 8 
A'j values of metal ions on acrylonitrile based cerium (IV) phos-
phate in methanol, ethanol and butanol media 
Metal ions Methanol 
(99%) 
Ethanol 
(98%) 
Butanol 
(99%) 
Mg(II) 
Ca(II) 
Sr(II) 
BadI) 
Mn(II) 
Cd(II) 
Zn(II) 
Pb(II) 
AKIII) 
CudI) 
Co(II) 
Hg(II) 
Nidi ) 
Fedll) 
Crdll) 
87.27 
185.7 
350.0 
289.0 
200.0 
400.0 
100.0 
160.0 
100.0 
25.0 
100.0 
200.0 
83.33 
300.0 
27.27 
100.0 
400.0 
300.0 
300.0 
180.0 
140.0 
180.0 
450.0 
50.0 
500.0 
900.0 
100.0 
500.0 
500.0 
60.0 
183.0 
366.0 
400.0 
366.0 
325.0 
233.33 
300.0 
233.33 
150.0 
66.66 
300.0 
300.0 
233.33 
100.0 
19.0 
at 3427.34 cm"'. The absorption band at 
2362.91 cm"' is due to the presence of R-C=N 
group, while the one at 2926.11 cm"' corresponds 
to the methylene group [19]. 
The X-ray diffraction pattern of the material 
exhibits some weak peaks, indicating its poorly 
crystalline character, which makes it difficult to 
evaluate its structure. Due to the lack of this 
information, therefore, a detailed mechanism of 
the ion-exchange behaviour cannot be given at this 
stage, correlating the metal ion diameter with the 
cavity sizes of the material. 
The distribution behaviour of metal ions 
(Tables 4 and 8) shows a high selectivity of the 
material for Hg(II), indicating its importance in 
environmental studies. It was demonstrated by 
practically achieving some binary separations 
involving Hg(II), for example: Hg(II)-Mg(II), 
Hg(II)-Pb(II), Hg(II)-Zn(II) and Hg(II)-
Cd(II), as summarized in Table 5. A binary 
separation of Pb(II) from Zn(II) was also 
achieved, emphasizing the above fact. The results 
were found to be quite precise and reproducible. 
4. Conclusions 
It can be concluded that acrylonitrile based 
cerium (IV) phosphate is a useful ion-exchanger 
with promising ion-exchange behaviour supported 
by some important separations achieved practi-
cally. Further, because of this fibrous nature it 
opens new technological possibilities of use in 
different convenient forms for the abatement of 
environmental pollution. Such explorative studies 
are in progress in these laboratories. 
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Abstract 
A kinetic study of the exchange of Mg(II), Ca(II), Sr(n), BadI), Mn(II), Co(II), Cu(II) and Zn(II) metal ions for 
H(I) ions on acrylonitrile based cerium (IV) phosphate, a fibrous inorganic ion exchanger, has been made. Various 
useful kinetic parameters such as self-diffusion coefficient (Z>o), energy of activation (£J and entropy of activation 
(A5*) have been evaluated and a correlation has been made of these parameters with the ion exchange characteristics 
of the material. O 1999 Elsevier Science B.V. All rights reserved. 
Keywords: Kinetics; Ion exchange; Cerium (IV) phosphate; Acrylonitriis: Fibrous ion exchanger 
1. Introduction 
Many studies on the ion exchange kinetics of 
metal ions on organic and inorganic ion ex-
changers have been reported [1-5]. However no 
such information is available for the exchange 
on fibrous inorganic ion exchange materials. 
These studies enable us to understand the viabil-
ity of an ion-exchanger in separations of metal 
ions. 
The acrylonitrile based cerium (IV) phosphate, 
a fibrous cation exchanger, has been reported 
* Corresponding author. 
earlier from these laboratories, which possesses 
promising ion exchange behaviour and a marked 
selectivity for Hg^ "^  ions [6]. The present paper 
summarizes the kinetic study of the exchange of 
alkaline earth and transition metal ions against 
the H(I) ions on this material, using the 
Kemst-Plank equations [7-9], as against the 
old Bt criterion [10], which is useful only for an 
isoiopic exchange process. The present system 
belongs to the non-isotopic exchange as the ions 
in\olved have different effective diffusion coeffi-
cients. This new approach gives more precise 
values of the various kinetic parameters. The 
study is useful to understand the mechanism of 
ion exchange on the surface of a material and 
its separation potential. 
0927-7757/99/S - see front matter © 1999 Elsevier Science B.V. All rights reserved. 
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2. Experimental 
AH chemicals and reagents were of analar 
grade. A water-bath incubator shaker having a 
temperature variation of ± O.S'C was used in the 
equilibrium studies. 
2.1. Synthesis of the ion exchange material 
The material was prepared by adding one vol-
ume of 0.05 M Ce(S04)2 solution in two volumes 
of a (1:1) mixture of 6 M HjPO* and acrylonitrile 
(0.5%) dropwise with constant stirring using a 
magnetic stirrer, at a temperature 70 ± S'C. The 
slurry thus obtained was heated for 4 h at this 
temperature, than filtered, and washed free of 
sulphate ions with demineralized water (DMW) 
(pH =: 4). Finally, the slurry was dried at room 
temperature resulting into a sheet form, which 
was cut into small pieces and converted into the 
H-^-form by treating with I M HNOj for 24 h 
with occasional shaking and intermittently replac-
ing the supernatant liquid with fresh acid. The 
material thus obtained was than washed with 
DMW to remove the excess acid before drying 
finally at 45*'C and sieved to obtain particles of 
size 50-70 mesh. 
0-7 
0-6 
0-S 
V 0 « 
0-3 
0-2 
0-1 
0 
_ 
-
- ^ 
' • ,_ 1 . 
oO-0«M 
y/\A 0-03M 
^ " ^ ^ 0-02M 
^ ^ _ - o 0-01M 
r • 0-OOSH 
1 1 1 
0 1 2 3 4 
t (mini 
Fig. 1. Plots of t versus time for M(II)-H(I) exchange using 
different metal solution concentrations at 33'C on acrylonitrile 
based cerium (IV) phosphate. 
2.2. Kinetic measurements 
Ion exchanger particles of mean radii 125 nm 
(50-70 mesh size) in H" -^form were used to eval-
uate various kinetic parameters. A total of 20 ml 
fractions of the 0.02 M metal ion solutions pre-
pared in DMW were shaken with 200 mg of the 
exchanger in several stoppered conical flasks at 
the desired temperatures (25, 33, 50 and 65°C) for 
different time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 
min). The supernatant liquid were determined as 
usual by EDTA titrations. 
3. Results and discussions 
The studies reveal that the ion-exchange process 
is controlled by the particle diffusion phe-
nomenon, as the T versus t plots (Fig. 1) were 
straight lines passing through the origin for the 
metal ion concentrations ^ 0.02 M at 33''C. Be-
low this concentration the film diffusion is more 
prominent. The plots of J7(,, versus time / (min) 
for metal (Il)-hydrogen (I) exchanges indicate 
that the fractional attainment of equilibrium is 
faster at a higher temperature, which may be due 
to an increased mobility of ions with the increase 
in temperature. 
The fractional attainment of equilibrium, U^^) 
may be expressed as: 
U, ( t ) 
amount of exchange at time t 
amount of exchange at infinite time, i.e. at equ 
ilibrium 
Each value of U^^ has a corresponding value of 
r (a dimensionless time parameter) as obtained 
earlier [11], by substituting the various values in 
the following equation [12]: 
U^,, = {1 -exp[;rV.(*)r+/2(a)r^-h/3(ar)r»)]}5 
where r = ^H'/''?; mobility ratio, a = D^jBt^, r^ is 
the particle size; Dy^ is the interdiffusion coefR-
cient of the metal ion in the exchanger phase and 
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Table 1 
Slopes (5) or the various r versus time plots at difTerent 
temperatures for the exchange of M(II>-H(I) on acrylonitrile 
based cerium (IV) phosphate 
Migrating ion 
Mg(II) 
Ca(n) 
SrdD 
Ba(n) 
Mn(II) 
Co(II) 
Cu(II) 
Zn(Il) 
5x10-
25'C 
6.11 
7.20 
6.66 
6.66 
7.22 
8.33 
7.77 
7.22 
•* (S-') values at 
33*C 
7.77 
8.88 
8.33 
7.77 
10.00 
10.00 
9.40 
8.88 
50°C 
10.00 
10.55 
10.00 
9.44 
11.66 
II.II 
11.11 
10.55 
65''C 
11.11 
12.22 
10.55 
11.11 
13.33 
13.88 
12.22 
12.22 
.DH, is the interdiffusion coefficient of the hydro-
gen ion in the exchanger phase. 
Under the conditions 1 ^ a ^ 20 and the 
charge ratio, ZH/ZM = 1/2, which are fulfilled in 
the present case, the three functions /i(a), /^(z) 
and /3(a) can be expressed as 
/ 2 ( « ) = -
0.64 + 0.36a»«*« 
1 
0 .96-2.0a' '^" 
1 
/ j W o.27 + 0.09«''* 
The plots of T versus time (/) at four different 
temperatures for metal (II)-H(I) exchange at a 
metal ion concentration of 0.02 M are straight 
lines passing through the origin, confirms the 
particle diffusion controlled phenomenon. 
The slopes (5) of various T versus time (i) 
plots for all metal ions are given in Table 1, 
which are related to 5^ as follows: 
The values of log.DH obtained using above 
equation were plotted against 1/r. Straight lines 
were obtained for all the metal ions studied as 
shown in Fig. 2, justifying the validity of the 
Arrhenius equation: 
DH = D^tx^[:EJRT) 
The pre-exponential constant, DQ, were ob-
tained by extrapolating these curves and taking 
the values of D^ at 273 K. The energy of acti-
vation (£J values can be calculated by the use 
of the above equation, while the entropy of acti-
vation (A5*) was calculated by substituting the 
value of DQ in the following equation: 
£>o = inid^kTIh exp(AS*/i?) 
where k is the Boltzmann constant, h is Plank's 
constant, d is the ionic jump distance taken as 5 
A [13], R is the gas constant and T is taken as 
273 K. The values of Z)©. ^ . and A5* thus ob-
tained are summarized in Table 2. These results 
shows that there is no definite relation between 
the ionic radii of the metal ions and E^ and 
^ 
1 
£ 
z 10 
0 
1 
10-0 
10-S 
I V S 
. 
o 
1 1 L ^ 5 ^ ^ S ^ I 
2-5 3-0 3-5 A-0 " t-5 5-0 2-5 3-0 3-S 4-0 4.5 5.0 
1/T*KX1o' 
Fig. 2. Plote of - log^Kversus \IT{K) for (a) MnGI). x ; Co(II). O; Cu(H), • ; ZnOI). A.; and (b) MgOI), x ; CaGI). A; SrCD. 
• ; Ba(II), O; on acrylonitrile based cerium (IV) phosphate. 
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Table 2 
D^ E, and AS* values for the exchange of H(I) with some metal ions on actylonitrile based cerium (IV) phosphate 
Metal ion exchanging with 
H{I) 
Mg(H) 
CadD 
SrdI) 
Ba(n) 
Mn(II) 
Co(ir) 
Cuai) 
Zn(II) 
Ionic radius (A) 
0.78 
1.06 
1.27 
1.43 
0.91 
0.82 
0.70 
0.83 
Ionic mobility (cm^ V~ 
s-') 
0.00055 
0.00062 
0.00062 
0.00066 
0.00028 
0.00043 
0.00046 
0.00047 
Do (m= S-') 
4.20x10-' 
1.49xl0-» 
7.49x10-"' 
3.98 xlO-'" 
3.98x10-" 
7.94x10-'° 
6.31x10-"' 
1.25x10-' 
E, (kJ mol-') 
14.88 
11.76 
10.32 
8.62 
13.85 
9.93 
9.53 
11.36 
AS* (Jk-' 
mol-') 
-56.76 
-65.34 
-71.09 
-76.35 
-57.20 
-70.61 
-72.52 
-66.78 
AS* values. The negative values of A5* indicate 
that the ion exchange process is more feasible on 
this material when the exchanger phase is in H'''-
form and exchanged by a metal ion. 
A comparison of the kinetic behaviour of 
fibrous acrylonitrile based cerium (IV) phosphate 
with various inorganic ion exchangers as shown in 
Fig. 3 indicates a lower activation energy and 
higher negative values of A5* for fibrous ion 
exchanger than other inorganic ion exchanger 
thus suggesting the presence of more active ex-
change sites in its structure which probably ac-
counts for the higher efficiency of its column than 
the inorganic ion exchangers. 
The material is highly selective for mercury as 
reported earlier [6\ which indicates its importance 
in environmental studies. Mercury is a well-
known toxic metal, which enters the environment 
mainly through human activities. Once mercury is 
absorbed on sediments of water bodies and 
streams, it is slowly released into the water and 
constitutes a reservoir which is likely to cause 
chronic pollution long after the original source of 
mercury is removed. The binary separations in-
volving Hg(II) on the column of acrylonitrile 
based cerium (IV) phosphate exchanger, therefore 
emphasizes its potential use. 
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